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1.0  FOREWORD 

This  report  documents  work  performed  from  26  January  1976  through  30 
September  1977  under  Phase  I of  Contract  DAAB07-76-C-1301,  entitled  "Repeti- 
tive Series  Interrupter  II."  (RSI  10  series  data  taken  subsequent  to  30 
September  1977  are  also  Included  In  this  report  to  provide  a complete  discus- 
sion.) The  objective  of  this  program  has  been  to  obtain  an  Improved  explora- 
tory development  model  of  the  15-kV  series  Interrupter.  The  efforts  herein 
described  were  performed  by  EGAG,  Inc.,  Electronics  Components  Division, 
Salem,  Massachusetts,  for  the  United  States  Army  Electronics  Command,  Fort 
Monmouth,  New  Jersey. 
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2.0  INTRODUCTION  AND  SUMMARY 


а.  Program  Objective 

The  purpose  of  the  Repetitive  Series  Interrupter  Research  and  Development 
Program  Is  to  develop  a hydrogen  thyratron  type  of  device  modified  to  provide 
current  Interrupting  capability  by  the  application  of  a transverse  magnetic 
field  across  an  Interaction  channel  contained  within  the  tube.  The  Inter- 
rupter Is  Intended  to  function  as  a protective  device  to  prevent  a high- 
voltage,  high-current  fault  from  causing  damage  to  a circuit  component  In 
series  with  the  Interrupter  such  as  a traveling  wave  tube. 

The  specific  objective  of  Phase  I of  the  program  was  to  Investigate  the 
feasibility  of  the  Technical  Guidelines,  established  by  the  Electronics 
Technology  and  Device  Laboratory,  entitled  "Repetitive  Series  Interrupter  II," 
dated  24  June  1974.  Technical  Guidelines  for  Phase  II  are  given  In  subsection 

б. b. 


Technical  Guidelines  for  Phase  I are: 

Open  circuit  hoi  doff  voltage 

Ebb 

15  kV  minimum 

Closed  voltage  drop 

etd 

350  volts  maximum 

Peak  fault  current 

1RSI 

300  amps  maximum 

Normal  average  current 

lb 

0.8  amp  minimum 

Normal  peak  current 

1b 

25  amps  maximum 

Repetition  rate 

prr 

5,000  Hz  maximum 

Life 

— 

1,000  hours  minimum 

Fault  Interruptions 

— 

20,000  minimum 

Interruption  magnetic  field  energy 

a 

50  joules  maximum 

The  feasibility  of  the  Technical  Guidelines  of  Phase  I has  been  substan- 
tially established,  and  six  prototype  devices  have  In  fact  been  built,  five 
capable  of  operation  at  15  kV,  300  amperes,  and  one  designed  (but  as  yet 
untested)  to  operate  at  30  kV,  300  amperes.  Magnetic  fields  below  4 kllogauss 
(magnetic  field  switching  energy  of  5 joules)  have  been  shown  to  be  capable  of 
Interrupting  discharges  of  300  amperes  at  15  kV  In  Interaction  channels 
producing  a column  drop  of  350  to  450  volts.  (Initial  results  obtained  during 
Phase  II  have  shown  that  currents  as  high  as  600  amperes  at  20  kV  can  be 
Interrupted  with  comparable  magnetic  fields.) 


Because  the  RSI  Is  basically  a hydrogen  thyratron  modified  for  magnetic 
current  interruption,  many  long-established  techniques  for  the  construction  of 
ceramic-metal  hydrogen  thyratrons  are  directly  applicable  to  RSI's.  There- 
fore, no  difficulties  are  expected  with  other  aspects  of  the  Technical  Guide- 
lines such  as  normal  average  current,  pulse  repetition  rate,  etc.,  since  they 
are  well  within  the  capabilities  of  standard  production  ceramic-metal  tubes. 

The  extensive  experimental  and  theoretical  studies  reported  here  have 
provided  considerable  insight  into  those  parameters  which  are  most  important 
to  RSI  operation,  and  various  trade-offs  essential  to  generate  a practical 
design  have  been  identified. 

b.  Background 

Initial  work  on  a magnetically  controlled  gas  discharge  device  was 
performed  at  EGAG,  Inc.  from  1964  through  1967  under  Contract  DA28-043-AMC- 
00123(E)  (13),  New  Switching  Concepts.  The  feasibility  of  current  interrup- 
tion at  power  levels  up  to  400  amperes  at  15  kV  was  demonstrated  in  an  11-Inch 
folded  linear  interaction  column  at  tube  pressures  generally  as  low  as  0.14 
torr,  which  is  considerably  below  customary  thyratron  operating  pressure 
levels.  No  attempt  was  made  in  the  above  study  to  provide  continued  voltage 
holdoff  capability  after  interruption. 

Related  development  efforts  continued  at  EGAG  under  Contract  DAAB07-73- 
C-0274,  1973  Magnetically  Controlled  Charging  Diode  Program.  During  this 
program,  long,  folded  interaction  channels  were  appended  to  the  anodes  of 
several  production  thyratron  designs.  Problems  associated  with  these  tubes 
included  (1)  high  voltage  drop  and  tube  jitter,  when  operated  in  a triggered 
(zero  keep-alive)  mode;  and  (2)  an  apparent  operating  requirement  of  high  tube 
pressure  and  triggering  voltage. 

The  Repetitive  Series  Interrupter  Program  began  In  1973  at  ITT  (Contract 
DAAB07-73-C-0320)  (11).  A post-anode  coaxial  interaction  channel  geometry  was 
studied.  Although  currents  of  200  amperes  were  Interrupted  at  15  kV,  the  use 
of  an  air  core  magnetic  field  "window  coll"  over  the  large  coaxial  tube  volume 
resulted  In  an  Impractlcally  high  magnetic  switching  energy  of  1,000  joules 
(capacitor  discharge  energy).  The  present  study  was  therefore  directed  toward 
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Improving  the  efficiency  of  the  magnetic  switch.  The  magnetic  Interaction 
section  was  placed  between  cathode  and  grid  In  the  expectation  of  reducing 
tube  drop  and  Improving  triggering  capability.  The  decision  was  made  to  use  a 
high  permeability  Iron  magnet  core  having  an  air  gap  Into  which  the  RSI  Is 
placed  In  order  to  Improve  the  magnetic  field  efficiency  by  reducing  the  total 
field  volume  region.  Further  development  of  Interaction  channel  geometries 
and  a study  of  the  mechanisms  of  current  Interruption  were  expected  to  furnish 
additional  means  of  reducing  the  magnetic  switching  requirement. 

c.  Investigative  Approach  and  Course  of  Development 

To  determine  the  best  location  for  the  magnetic  Interaction  section 
within  a thyratron  body.  I.e.,  between  cathode  and  grid  or  between  the  grid- 
anode  hoi  doff  gap  and  a second  anode  (post-anode),  tubes  RSI  001  and  RSI  002 
were  constructed  (Figures  1 and  2).  A demonstration  of  lower  voltage  drop  and 
greater  stability  In  the  RSI  001  led  to  further  development  of  this  approach. 

The  RSI  003  (Figure  3),  a five-section  Interaction  channel  tube,  was 
constructed  to  provide  a parametric  study  of  the  effects  of  Interaction 
channel  length.  Ebb,  1b,  and  tube  pressure  upon  Interruption  requirements  and 
pulse  operation  behavior.  It  was  found  that  long  Interaction  channels  are 
Inefficient,  since  the  tube  voltage  drop  Increases  linearly  with  channel 
length  while  the  Interrupting  magnetic  field  energy  decreases  In  Inverse 
proportion  to  the  square  root  of  the  channel  length. 

Based  on  this  Information,  nonlinear  Interaction  channels  were  examined. 
A chuted  wall  surface  was  devised  In  the  RSI  005  (Figure  5)  to  allow  the 
greater  plasma-wall  Interaction  surface  area  and  the  longer  effective  dis- 
charge length  to  reduce  the  magnetic  switching  energy  without  substantially 
Increasing  the  tube  voltage  drop  or  reducing  the  stability.  The  RSI  005 
accomplished  this  at  low  power  operation,  where  the  Interrupting  magnetic 
field  level  was  reduced  by  up  to  67%. 

The  RSI  10  series  tubes  (Figures  9,  10,  and  11)  resulted  from  a continua- 
tion of  the  study  of  nonlinear  channels.  A series  of  varying  "plasma  chute" 
depths  and  widths  was  designed  In  ceramic  Interaction  sections.  Results  from 
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this  series  are  preliminary,  but  Indicate  that  an  equivalent  67%  or  higher 
switching  field  reduction  does  again  occur.  A further  reduction  occurs  in  the 
RSI  10E1  which  allows  interruption  at  Ebb  = 15  kV,  1b  = 100  amps  at  Bq  as  low 
as  1 kllogauss. 

Simultaneously  with  the  above-mentioned  development  program,  a study  was 
undertaken  to  determine  the  character  of  the  Interaction  channel  crossed-fiel d 
gas  discharge.  Two  components  of  this  study  were:  1)  a theoretical  Investi- 
gation of  plasma  behavior  In  a transverse  magnetic  field,  and  2)  an  experi- 
mental Investigation  via  optical  observations  of  the  RSI  004  (Figure  4),  a 
tube  having  a transparent  glass  Interaction  channel.  Results  of  this  study 
Indicate  agreement  between  experiment  and  theory  in  that  a stable  magnetically 
constricted  discharge  of  an  approximate  dimension  was  predicted  and  observed. 
Certain  particulars,  however.  Including  electron  temperature  effects,  wall 
heating  and  outgasslng,  and  parametric  dependences  of  Bq,  could  disturb 
justification  for  the  observed  agreement  (see  subsection  4.b). 

In  addition  to  these  studies,  an  empirical  investigation  of  etd  versus  £j 
was  performed.  Indicating  the  options  available  for  the  preferred  design 
resul t. 

Two  tests  were  performed  to  determine  the  proper  gas  fill  for  RSI  opera- 
tion. Deuterium  and  hydrogen  were  compared  In  the  RSI  004  and  in  the  RSI  003 
and  the  MCCD  400D-250.  The  result  Indicated  that  deuterium  filling  would 
reduce  tube  voltage  drop,  but  would  also  increase  the  required  interrupting 
magnetic  field.  The  advantage  of  lower  tube  drop  was  overshadowed  by  the 
Increased  switching  energy  requirement.  It  was  concluded  that  the  lower 
atomic  weight  gas  (hydrogen)  would  best  serve  In  the  RSI  application. 

d.  Sunroary  of  Results 

RSI's  having  a magnetic  Interaction  structure  containing  chuted  channel 
walls  were  developed  during  Phase  I of  the  program.  These  RSI's  operate  with 
a column  drop  of  350  volts,  and  are  capable  of  Interrupting  high  voltage,  high 
current  (15  kV,  300  amperes)  discharges  with  an  Interrupting  magnetic  field 
level  of  less  than  4 kllogauss  (corresponding  to  a magnetic  field  switching 
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energy  of  5 joules).  The  Interruption  of  higher  voltages  and  currents  seems 
feasible  with  even  lower  magnetic  field  energy  requirements.  Prevention  of 
restriking  of  the  discharge  at  high  Ebb  and  reduction  of  the  total  tube  drop 
are  Important  aspects  of  the  RSI  development  program  and  will  be  considered  In 
detail  during  Phase  II  of  the  program. 

Present  Investigation  of  magnetically  controlled  switching  yielded 
considerable  information  regarding  the  effects  that  the  various  parameters  of 
the  Interaction  channel  design  exert  on  Interrupting  magnetic  field  require- 
ments. Studies  show  that  Interaction  channels  with  chuted  wall  surfaces  and 
column  lengths  of  minimum  practical  dimensions  are  most  appropriate  for  RSI 
design. 

A theoretical  Investigation  was  performed  which  derives  a relationship 
for  the  constriction  of  a plasma  column  in  a discharge  channel  with  a trans- 
verse magnetic  field.  This  relationship  details  the  extent  of  constriction  as 
a function  of  the  strengths  of  the  electric  and  magnetic  fields.  Experimental 
observations  agree  with  theoretical  predictions  to  the  extent  that  a constric- 
ted (thin)  discharge  Is  observed  at  the  discharge  channel  walls.  The  precise 
mechanism  which  causes  current  Interruption  Is  not  Identified,  but  Is  expected 
to  be  energy  loss  of  the  discharge  to  the  channel  wall,  charged  particle  loss 
by  recombination  at  the  channel  wall,  or  charged  particle  loss  by  a reduction 
of  the  plasma  column  volume  with  a consequent  reduction  In  Ion  formation  from 
electron-neutral  hydrogen  scattering. 
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Figure  2.  Tube  RSI  002. 
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NOTES. 

I.  LOWER  PAN  ASS'Y  IS  STD. 
EXCEPT  FOR  THE  GRID 
FEEDTHRU  REPLACED  WITH 
STEEL  STUD 

2 RESISTANCE  READINGS 
REF.  fP842IS. 


NOTES 

1 LOWER  PAN  ASS'Y  IS  STD. 
EXCEPT  FOR  THE  GRID 
FEEDTHRU  REPLACED  WITH 
STEEL  STUD. 

2 CERAMIC  STACK  CONSISTS 

OF  59  CERAMICS-ALTERNATING 
FROM  0 1301  0.  TO  0 800"  I D 

3 NOTE  (6)  VIEWING  SLOTS, 
(51*0  300"  WIDE  AND  (I) 

1/16"  WIDE,  SLOTS  ARE 
NOT  PERFECTLY  ALIGNED  AS 
SHOWN 

4 NUMBERS  INDICATE  QTY  OF 
CERAMICS  BETWEEN  VIEWING 
SLOTS 


ANODE  CONNECTOR 
10-32  UNC. 


HY-26  GRID  CUP 


HY-6  OUTER  HEAT 
SHIELD  STANDARD 

T.I.G.  WELD 


26mm  ID  PYREX 


CERAMIC  DISK  WITH 
1/16”  VIEWING  SLOT 


CERAMIC  RING  WITH 
0 300"  VIEWING  SLOT 


DISCHARGE  CHANNEL 
SHADED  (TYP) 


. T I G WELD 


STANDARD  HY-6 
CATHODE  8 RESERVOIR 
■ ASSEMBLIES  WITH 
STANDARD  BAFFLING 
AND  OUTER  HEAT 
SHIELD 


T I G.  WELD 


Figure  5.  Tube  RSI  005. 
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3.0  COURSE  OF  THE  INVESTIGATION:  EXPERIMENTAL  WORK 


a.  RSI  Design 

(1)  Significant  Design  Parameters 

The  most  important  aspects  of  an  RSI  design  are  the  choice  of 
the  Interaction  channel  designs,  the  anode-grid  structure  and  location,  and 
the  selection  of  the  operating  pressure.  Structural  rigidity  and  strength 
must  also  be  assured  with  appropriate  transition  components  between  the 
individual  structures,  and  cathode  and  reservoir  structures  must  be  built  to 
meet  the  required  current  and  gas  demands.  The  most  important  aspect  of  the 
tube  design  Is  the  interaction  channel  structure. 

The  anode-grid  hoi  doff  structure  may  be  placed  above  or  below  the 
Interaction  channel  relative  to  the  cathode.  Location  below  the  interaction 
structure  provides  the  benefit  of  holding  the  grid  near  ground  potential 
during  current  Interruption,  but  adds  the  problem  of  commutation  of  the 
discharge  through  an  additional  structure,  specifically  an  anode  baffle  to 
supply  appropriate  holdoff  capability.  Location  of  the  holdoff  structure 
above  the  interaction  structure  increases  the  Initial  ionization  path  length 
(for  triggering  or  keep-alive)  and  requires  additional  circuitry  to  assure 
keep-alive  discharge  formation  after  interruption. 

The  important  design  parameters  of  the  interaction  channel  are 
channel  leigth,  diameter,  and  geometry.  Increased  channel  length  decreases 
the  magnetic  field  required  for  Interruption  but  increases  the  voltage  drop  in 
the  RSI.  Reduced  channel  diameter  also  increases  the  tube  drop  but  decreases 
the  magnetic  energy  required  for  interruption.  The  geometry  of  the  channel  is 
of  paramount  Importance,  since  It  controls  the  shaping  and  structure  of  the 
plasma  discharge  during  Interruption  and  poses  the  possibility  of  substan- 
tially altering  the  physical  mode  of  current  Interruption  to  the  benefit  of 
lowering  the  switching  energy  requirement  and  the  corresponding  voltage  drop. 
Geometrical  considerations  must  provide  for  a maximum  Interaction  between  the 
gas  discharge  and  a wall  surface,  but  must  also  ensure  that  the  Interrupted 
discharge  not  have  the  opportunity  to  revert  to  a physical  mode  which  reduces 
interruptible  control,  such  as  an  arc  mode  or  a channel  jumping  mode. 
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The  final  significant  parameter  is  the  tube  pressure.  Standard 
thyratrons  operate  in  a restricted  pressure  regime  governed  by  the  need  for 
efficient  triggering,  low  anode  power  dissipation,  and  reliable  voltage 
holdoff  capability.  Magnetic  control  of  a discharge  column  is  heavily 
pressure  dependent  (see  subsection  3 .c( 3 ) ( e) ) and  best  operation  occurs  in  a 
low  pressure  regime,  where  current  interruption  is  most  successful,  and  where 
plasma  column  sustaining  electric  fields  are  low.  Holdoff  structure  design 
must  be  dependent  upon  the  choice  of  pressure  level. 

The  phenomena  which  could  affect  RSI  lifetime  include  the  possible 
generation  of  minor  amounts  of  0^  02,  OH,  or  H20  by  interaction  of  the 
hydrogen  discharge  with  the  alumina  wall.  These  by-products  could  result  in 
enchanced  degradation  of  the  cathode  and  reservoir  materials,  although  such  an 
effect  was  not  seen  after  considerable  testing  of  RSI  003  in  spite  of  the  fact 
that  contamination  of  the  gas  itself  was  apparent  from  spectrographic  data. 
Contamination  effects  are  the  only  factors  likely  to  cause  any  alteration  of 
RSI  cathode  or  reservoir  designs  from  those  of  standard  hydrogen  thyratrons. 

(2)  RSI  Thyratron  Test  Series 

The  RSI  thyratron  design  has  evolved  to  a certain  degree  during 
the  course  of  this  program,  and  particularly  in  that  nonuniform  interaction 
channels  have  been  used.  The  series  of  thyratron  test  vehicles  includes  tubes 
constructed  to  test  holdoff  structure  location  (RSI  001  and  RSI  002),  para- 
metric evaluation  (RSI  003),  gas  discharge  structure  (RSI  004),  wall  chuting 
effects  (RSI  005),  channel  geometry  and  electric  field  grading  (RSI  7-2),  and 
grid-quenching  phenomena  (RSI  7-3).  The  final  tube  design  selected  for 
exploratory  development  was  solidified  in  the  RSI  10  series  of  tubes. 

Also  available  for  test  in  this  program  were  several  tubes  of 
similar  design  which  were  developed  under  the  Magnetically  Controlled  Charging 
Diode  (MCCD)  program,  useful  particularly  in  examining  parametric  dependence 
and  gas  fill  effects. 

The  principal  parameters  of  the  RSI  devices  are  tabulated  in 
Table  1;  drawings  of  these  thyratrons  appear  In  Figures  1 through  11.  A 
photograph  of  several  of  the  tubes  is  shown  in  Figure  12b,  and  one  of  the 
unassembled  chuted  RSI  10  components  is  given  in  Figure  12a. 
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Table  1.  Principal  Parameters  of  RSI  Devices 


Tube  No. 

Interaction 

Channel 

I.D. 

(In.) 

Number  of 
Interaction 
Channel 
Sections 

Total 

Effective 

Interaction 

Channel 

Length 

(in.) 

Fill 

Gas 

Fill 

Pressure 

(torr) 

Interaction 
Regl on 
Location 
(cathode-grid 
or 

post-anode) 

RSI  001 

0.24 

1 

5.5 

h2 

0.400 

K-G 

RSI  002 

0.24 

1 

5.5 

h2 

0.400 

PA 

RSI  003 

0.375 

5 

31.75 

h2 

0.400 

K-G 

RSI  004H2 

0.28 

1 

6 

h2 

0.400 

K-G* 

RSI  004D2 
(repump) 

0.28 

1 

6 

d2 

i ■ -j 

K-G* 

RSI  005 

Alternating 
0.13  and  0.80 

1 

6 

h2 

0.370 

K-G 

RSI  7-2 

C.28 

1 

12.0 

h2 

0.400 

K-G** 

RSI  7-3 

Inapplicable 

1 

Inapplicable 

h2 

0.450 

anode-grl d*** 

RSI  10A 

0.30  chuted 

1 

6 

h2 

0.400 

K-G 

RSI  10B 

0.30  chuted 

1 

6 

h2 

0.400 

K-G 

RSI  IOC 

0.30  chuted 

1 

6 

h2 

0.400 

K-G 

RSI  10D 

0.15  chuted 

1 

6 

h2 

0.400 

K-G 

RSI  10E 

0.15  chuted 

1 

6 

h2 

0.400 

K-G 

RSI  10DD 

0.15  chuted 

2 

12 

h2 

0.400 

K-G 

MCCD  380D- 
250 

0.25 

6 

23.25 

d2 

0.380 

PA 

MCCD  400D- 
250 

0.25 

4 

24.6 

d2 

0.400 

PA 

MCCD  425H- 
181 

0.181 

4 

36.5 

d2 

0.425 

PA 

*G1ass  Interaction  Channel 

**S-Shaped  Channel 

***Gr1d-Quench1ng  Test 


15- 


Figure  6.  Tube  RSI  7-2 
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Figure  7.  Interchangeable  cathode  for  RSI  tests. 
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I DEMOUNTABLE 
CATHODE 
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ONE  INCH 


Figure  8.  Tube  RSI  7-3 
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Figure  9.  Tube  RSI  10A 
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Figure  10.  Tube  RSI  10  interaction  channels. 
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Figure  12a.  RSI  10  series  Interaction  section  components 


Figure  12b.  RSI  and  MCCD  tubes. 

1.  380  D250  4.  400  D250 

2.  RSI  001  5.  425  H181 

3.  RSI  002  6.  RSI  005 

Figure  12.  RSI  tubes  and  components. 
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The  series  of  test  thyratrons,  RSI  001  through  RSI  005,  were  con- 
structed with  HY-6  type  cathode- reservoir  assemblies  and  anode-grid  structures 
to  comply  with  guideline  requirements  of  15  kV  hoi  doff  and  300  amperes  peak 
fault  current.  HY-6  heat  shields  are  used  In  the  cathode  structures  to  direct 
the  discharge  toward  the  grid  aperture  and  away  from  the  ceramic  wall  and 
grid-ceramic  seal  area.  Holdoff  structure  dimensions  were  not  altered  from 
those  used  for  production  thyratrons. 

(3)  RSI  10  Design 

A chuted  wall  Interaction  channel  design  was  selected  for  the 
first  phase  demonstration  tube  series.  Designs  for  the  15  kV  and  the  30  kV 
tubes  are  shown  In  Figures  9 and  11  respectively. 

A modified  7322  cathode  assembly  (lb  capability  3 2.2  Adc,  1b  3 
1500  A)  and  modified  HY-6  high  voltage  holdoff  structure  (epy  3 16  kV) 
were  used  to  meet  the  technical  requirements  of  lb  3 0.8  Adc,  1 fault  3 300  A, 
and  Ebb  = 15  kV.  A 6-1n.  high  alumina  chuted  ceramic  Interaction  section  was 
chosen  to  meet  the  requirements  for  etd  (350  volt)  and  the  switching  magnetic 
field  energy,  ej  (50  joules).  An  etd  of  310  volts  (210  volt  channel  drop,  100 
volt  anode-grid  and  cathode  drop)  and  an  ej  of  25  joules  were  predicted  for 
the  RSI  10  series  from  an  extrapolation  of  RSI  005  performance. 

A variety  of  Interaction  channel  cross-sections  were  devised  for 
the  six  tube  requirement.  Figure  10  shows  sample  cross-sections  for  the  five 
15-kV  tubes.  The  series  utilizes  eight  differing  chute  wall  geometries  for 
Interruption,  as  well  as  two  flat  Interaction  walls  as  an  experimental  con- 
trol. Wall  Interaction  Is  switched  from  one  wall  surface  to  the  other  by 
reversal  of  the  magnetic  field  direction  (resulting  In  a reversed  IXB  force). 
The  30-kV  Interrupter  utilizes  a twin,  series-connected  discharge  column.  An 
awkward  hold-off  structure  location  Is  tolerated  to  allow  for  maximum  use  of 
the  magnetic  field  energy  while  retaining  moderate  simplicity  of  ceramic 
construction,  and  to  serve  as  a model  for  future  multiple  channel,  chuted 
wall,  higher  voltage  Interrupters. 

Ceramic  Interaction  sections  for  the  RSI  tubes  are  constructed  from 
two  matching  halves,  where  the  joining  seams  are  located  along  the  center  line 
of  the  main  discharge  channel.  The  two  halves  are  cemented  with  a suitable 
high  temperature  glaze  material.  To  provide  some  safety  for  leak  prevention 
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at  these  seal  junctions,  lateral  wall  thicknesses  were  increased  to  0.125  inch 
minimum  and  the  central  circular  bore  was  given  an  increased  (extended) 
flat  wall  length  at  the  seal  region. 

Butt  seals  with  backing  rings  and  thin  copper  pads  are  used  at 
the  junction  of  the  interaction  structure  with  strengthened  anode  and  cathode 
flanges.  The  varying  dimensions  chosen  for  the  interaction  sections  provide  a 
means  of  exploring  most  efficient  interruption  geometries.  In  this  regard, 
the  RSI  10A,  IOC,  and  10D  present  an  immediate  test  of  the  effect  of  differing 
chute  depths  in  interruption;  RSI  10B  and  10E  compare  chuted  to  unchuted 
surfaces.  Comparisons  of  Bq  levels  among  different  tubes  are  not  quite  as 
accurate  as  comparisons  within  individual  tubes,  due  to  possible  pressure 
differences,  levels  of  gas  contamination,  etc.  The  complete  RSI  10  series 
will  provide  two  four-point  studies  of  Bq  versus  plasma  chute  depth  (RSI  10A, 
10B:  chute  depth  = 0,  0.25,  0.50,  0.75  inch  with  a central  channel  of  0.300 
inch  diameter;  RSI  100,  10E:  chute  depth  = 0,  0.25,  0.65,  0.90  inch  with  a 
central  channel  of  0.150  inch  diameter).  A comparison  between  these  two 
groups  will  test  the  importance  In  interruption  of  the  central  channel 
dimension. 

(4)  RSI  Construction  Notes 

RSI  thyratrons  have  been  built  utilizing  established  production 
techniques  and  materials  where  possible.  Cathode  and  anode  components  are 
selected  from  those  available  from  production  thyratrons  and  spark  gaps  in 
order  to  assure  reliability  and  low  cost.  Interaction  channel  ceramics  are 
made  In  close  cooperation  with  ceramic  vendor  engineering  personnel  to  assure 
optimal  designs  for  minimum  cost  production. 

RSI  thyratrons  are  constructed  with  three  major  subassemblies: 
anode  structure,  cathode  structure,  and  interaction  section  structure.  (In 
the  case  of  post-anode  tube  design,  anode  and  cathode  structures  are  incorpo- 
rated in  one  component.)  Subassemblies  are  joined  at  flange,  pan,  or  header 
joints  with  TIG  welds. 

Ceramic  components  utilize  high  voltage  94%  alumina  material. 
Ceramic-metal  seals  use  Mo-Mn  or  titanium  hydride  techniques,  with  expansion- 
matched  iron-nickel  alloys. 
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All  tubes  are  assembled  with  the  necessary  precautions  for  cleanli- 
ness suitable  to  electron  tube  production.  The  gas-filling  operation  which 
completes  tube  construction  utilizes  a 400°C  bakeout  and  direct  gas- fill 
monitoring  with  a McLeod  gauge. 

b.  Test  Circuitry  and  Experimental  Procedures 

(1)  Test  Circuitry 

The  RSI  test  circuitry  has  varied  somewhat  through  the  course  of 
the  Investigation,  but  the  general  concept  has  not.  The  principal  circuitry 
Is  shown  in  Figure  13. 

To  represent  pulse  conditions,  a 600-ohm  PFN  was  resonantly  charged 
through  a 30-kV  reactor  and  a solid  state  holdoff  diode,  and  discharged 
through  a load  R1  of  500-600  ohms  either  through  thyratron  A and  the  series 
RSI  tube  (suitably  connected),  or  directly  Into  (and  triggered  by)  the  RSI 
tube  under  test.  The  former  mode  of  operation  provided  information  concerning 
Interaction  channel  voltage  drop,  particularly  for  some  MCCD  tubes  and  for  the 
RSI  003,  where  only  the  Interaction  channel  length  could  be  varied  without 
providing  voltage  holdoff  capability.  The  series  ML-7845  vacuum  triode  and 
Its  auxiliary  triggering  and  protective  circuitry  were  Introduced  late  in  the 
Investigation. 

Thyratron  B was  used  to  trigger  a fault  discharge  (time  constant  = 
50-250  ysec)  via  Crc  and  Rrc  through  the  RSI  for  Interruption  testing.  Again, 
direct  triggering  of  the  RSI  without  the  series  thyratron  A was  also  performed 
when  possible. 

The  magnet  circuit  was  fired  after  a short  time  del*y  (generally 
set  to  5 usee)  via  Rm  and  Cm.  Several  alternate  field  circuits  were  tested  to 
provide  long  decay  times  for  the  magnetic  field  In  the  quest  for  permanent 
current  Interruption  (see  subsection  3.c(6) ) . 

Specific  TUT  voltage-dividing  or  compensation  circuitry  was  varied 
for  Individual  tubes.  Megohm  resistive  grading  and  a small  capacitance 
(500-1000  pf)  in  parallel  with  the  RSI  generally  provided  more  stable  tube 
operation. 
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Figure  13.  RSI  test  circuit 


(2)  Experimental  Equipment  and  Instrumentation 

The  experimental  hardware  was  arranged  in  a tiered  test  structure 
suitably  constructed  to  provide  high  voltage  Isolation  and  safety,  and  a 
relative  proximity  among  circuit  components. 

Conventional  high  voltage  circuit  components  were  used  throughout 
the  circuit,  including  non-inductive  Ohmite  and  Ward-Leonard  resistors  for  the 
fault  circuit  and  magnet  circuit  loads,  20  kV  EDI  solid  state  diodes  for  the 
resonant  charging  circuit,  and  Sprague  and  COE  high  voltage  capacitors. 

The  magnet  circuit  was  centered  at  the  magnet  core,  which  was 
formed  from  the  stacking  of  two  split  Arnold  AH-1154  grain-oriented  high 
silicon  steel  cores.  A composite  pole  face  of  6 by  2 inches  was  created  about 
an  air  gap  of  one-half  in.  which  was  located  between  pole  faces  on  one  dimen- 
sion of  the  core  length.  The  RSI  tubes  under  test  were  placed  within  the  core 
gap,  which  was  then  clamped  with  a suitable  spacer  if  possible  alongside  the 
RSI  to  (1)  eliminate  any  remanent  air  gap  on  the  opposite  length  of  the  core 
body,  (2)  stiffen  the  magnet  without  putting  any  mechanical  stress  on  the  RSI 
tube,  and  (3)  allow  the  pole  faces  to  be  as  nearly  parallel  as  possible.  Some 
error  was  Introduced  of  necessity  when  using  this  arrangement  with  tube 
thicknesses  other  than  one-half  inch;  an  example  of  the  magnetic  field  shape 
caused  by  1.1  and  1.5  cm  air  gaps  is  shown  in  Figure  16.  An  additional 
half- Inch  magnet  Insert  was  constructed  for  placement  on  the  opposite  length 
of  the  magnet  to  provide  a one-inch  air  gap  for  the  study  of  the  RSI  005 

tube.  Additional  pole  pieces  of  one-half  inch  were  used  to  increase  the  inner 

dimension  of  the  air  gap  from  2 Inches  to  2-1/2  Inches  to  improve  magnetic 
field  uniformity  for  several  of  the  multifold  RSI  tube  experiments. 

The  magnet  coll  was  constructed  from  two  series  colls,  which 

could  be  connected  as  desired.  One  coil  contained  a single  ten-turn  winding, 

the  other  a ten- turn  winding  with  taps  at  each  turn.  One  to  twenty  turns  of 
this  coll  could  thereby  be  used  to  allow  variation  of  the  magnetic  field 
risetime  and  duration. 

Experimental  diagnostics  utilized  high  voltage  Tektronix  probes 
(6015  and  6013),  calibrated  with  a square  wave  calibration  system.  Pearson 
411  and  110  current  transformers  and  a T A M 50  milliohm  current  viewing 
resistor  provided  accurate  current  measurement  calibration.  A 7633  Tektronix 
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storage  oscilloscope  and  a 556  dual  beam,  dual  trace  Tektronix  oscilloscope 
were  used  to  examine  waveforms.  UVC  high  voltage  power  supplies,  Datapulse 
and  EH  pulse  generators,  and  EG&G  trigger  modules  comprised  the  electronic 
control  and  power  systems. 

Tube  pressure  values  were  obtained  through  two  methods.  The 
principal  method  directly  related  tube  pressure  to  the  hydrogen  reservoir 
heater  voltage,  as  shown  in  Figure  14.  The  reference  curves  are  taken  from 
Goldberg^),  and  apply  to  hydrogen  reservoir  systems  in  general. 

To  ensure  that  these  readings  were  valid,  particularly  at  the 
low  extremes  of  the  curves,  Hastings  pressure  gauges  were  attached  to  several 
of  the  RSI  10  series  tubes.  Curves  for  the  RSI  10A  are  shown  in  Figure  14  and 
are  seen  to  relate  to  Eres  as  predicted  from  the  reference  plots. 

Tube  pressure  levels  were  controlled  with  separate  reservoir 
and  filament  heater  supplies  with  SOLA  voltage  regulators  at  the  heater  power 
supply.  Some  pressure  values  which  appear  in  the  first  phase  triannual 
reports  were  based  on  a slightly  less  accurate  pressure  formula,  and  have  been 
corrected  in  this  report. 

A magnetic  field  probe  coil  and  test  circuit,  as  shown  in  Figure 
15a,  was  constructed  to  test  magnetic  field  levels  at  the  position  of  the  RSI 
thyratron.  The  equation  governing  the  voltage  induced  across  the  pickup  coil 
derives  from: 


/-  -*■  300  r 3B 

E • d&  = / — • ndA 

c J 3t 
s 

where  N = number  of  turns  in  the  pickup  coil  (ten)  and  r = coil  radius.  The 
magnetic  field  is  calculated  from  a solution  of  the  circuit  equations  to 
yield: 


B = - 


300N  irr 


^ (L^  + Lcoil)  Ip  + (Rchoke  + Rcct)  f Ipdt} 


Figure  15.  Magnetic  field 
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The  test  circuit  was  designed  to  minimize  Rcct  and  Rchoke  to 
minimize  the  second  term  resistive  error,  for  which  an  appropriate  correction 
was  made.  Typical  field  probe  waveforms  as  shown  In  Figure  15b  demonstrate 
correlation  of  probe  current  with  magnet  current.  The  negative  current  for  Ip 
at  t > 50  usee  Is  a result  of  the  resistive  second  term  In  the  above  equation. 

A test  of  the  magnetic  field  distribution  within  the  core  air 
gap  was  performed,  with  results  as  shown  In  Figure  16. 

The  expected  value  for  the  magnetic  field  In  the  gap  can  be 
calculated  from: 


where  a * air  gap  width  and  £ = core  path  length.  Tests  with  the  probe 
circuit  Indicated  that  field  levels  of  77%  to  83%  of  calculated  values  were 
obtained;  the  20%  loss  Is  presumed  to  be  due  to  coll  leakage  Inductance. 
Magnetic  field  values  given  In  the  first  triannual  report  should  be  multiplied 
by  0.8  to  correct  for  this  loss. 

A test  of  the  magnet  Inductance  Indicated  a near  quadratic  propor- 
tionality as  a function  of  N,  varying  from  2 yh  at  N * 2 to  100  ph  at 
N = 10. 

(3)  Test  Procedures 

Test  procedures  correspond  to  accepted  general  rules  of  data 
taking,  with  a few  provisions  to  simplify  data  handling. 

Tube  voltage  and  current  measurements  were  performed  by  proxy. 
Measurements  were  taken  of  the  circuit  performance  In  the  general  circuit,  and 
current  values  were  related  to  the  usual  expected  values  through  Ebb  - etd 
divided  by  Rrc.  Examination  of  actual  current  readings  was  demonstrated  to 
agree  well  with  the  use  of  this  formula,  within  the  limits  of  experimental 
accuracy,  and  peak  current  figures  were  calculated  from  the  calibrated  values 
to  speed  data  taking.  The  quality  of  the  data  was  not  reduced  by  this 
process. 
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Figure  16.  Magnetic  field  intensity  versus  position  within  the  air  gap 


The  same  type  of  procedure  was  used  for  obtaining  magnetic  field 
readings.  With  the  magnet  air  gap  set  to  various  dimensions,  magnet  probe 
measurements  were  taken  and  related  to  the  corresponding  values  of  the  magnet 
supply  voltage  and  the  current  flowing  through  the  magnet  circuit.  It  was 
seen  that  those  values  were  repeatable,  and  further  field  measurements  were 
based  on  figures  obtained  for  each  specific  magnet  circuit  parameter  set; 
l.e.,  for  each  choice  of  N and  Rm.  A field  probe  check  late  In  the  experiment 
Indicated  that  the  field  values  were  reproducible  within  an  accuracy  of  3%. 

The  magnet  circuit  parameters  were  chosen  to  provide.  In  general, 
a critically  damped  current  pulse,  as  Is  shown  In  Figure  17c.  In  some  Instan- 
ces, the  pulse  was  allowed  to  oscillate  somewhat  by  underdamping  to  provide  a 
somewhat  higher  current  (and  hence  magnetic  field)  level  (Figure  17d). 

The  magnet  circuit  firing  delay,  tD,  was  supplied  artificially 
with  a variable  delay  line  generally  set  at  5 ysec  to:  (1)  simulate  an  actual 
worst  case  fault  sensing  delay,  and  (2)  delay  current  interruption  until  the 
thyratron  had  a short  period  of  time  to  "settle  down";  i.e.,  to  discontinue 
small  amplitude  oscillations  which  appear  from  time  to  time  on  the  Initial 
phase  of  the  fault  waveform.  This  procedure  orovlded  a better  assurance  of 
correlation  between  data  from  the  full  series  of  experimental  tubes. 

c.  Test  Results:  Magnetically  Controlled  Current  Interruption 

(1)  Bq  Definition 

For  the  purposes  of  this  Investigation,  Bq  Is  defined  to  be  that 
value  of  the  peak  magnetic  field  (In  kllogauss)  for  which  the  current  In  the 
RSI  tube  under  test  will  fall  to  zero  with  a probability  of  50%.  This  defini- 
tion was  chosen  to  save  time  and  simplify  data  taking  by  providing  a readily 
obtainable  reference  point.  There  exists  a range  of  magnetic  field  for  which 
the  tube  Interrupts  with  varying  degrees  of  reliability  and  the  50%  value  is 
often  readily  apparent. 

A comparison  of  relative  probabilities  of  current  Interruption  Is 
shown  In  Figure  38,  as  well  as  In  Figures  26  and  41.  Figure  38  Illustrates 
that  an  Increase  In  Interrupting  probability  from  50%  to  90%  Is  achieved  with 
a 15-20%  Increase  In  the  magnetic  field  level. 
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Figure  17.  Magnetic  current  and  tube  current  waveforms. 
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(2)  Current  and  Voltage  Waveforms  During  Interruption 


Studies  Indicate  that  there  are  several  different  but  related 
inodes  of  current  Interruption.  These  differences  appear  on  the  current  and 
voltage  waveforms  and  can  affect  the  Interruption  capability  of  the  tube  under 
test.  No  specific  explanation  has  been  proposed  for  all  of  these  mechanisms. 

The  usual  relationship  of  tube  current  and  voltage  under  the 
Influence  of  the  applied  magnetic  field  Is  shown  In  Figure  17.  Traces  shown 
In  Figures  18  and  19  show  that  the  relationship  of  Increased  voltage  drop  In 
the  Interaction  column  (and  therefore  decreased  current  through  the  tube)  Is 
nearly  linear  with  respect  to  the  strength  of  the  applied  magnetic  field.  The 
tube  current  and  voltage  waveform,  therefore,  often  reflect  what  appears  to  be 
an  Image  of  the  magnetic  field  pulse  as  shown. 

What  differs  between  waveforms,  however.  Is  the  final  portion 
of  the  pulse  before  the  tube  current  falls  to  zero.  In  some  cases  the  attack 
Is  gradual,  as  In  Figure  17a.  In  rarer  cases.  It  comes  with  more  difficulty, 
as  shown  In  Figure  17b.  In  a third  mode.  It  comes  somewhat  abruptly,  as  shown 
In  Figure  19a.  The  latter  mode  of  current  extinction  appears  to  be  connected 
with  Instability,  oscillation,  or  noise,  and  Is  most  apparent  In  the  thin 
diameter,  chuted  RSI  10  tubes  where  It  actually  appears  to  be  the  direct  cause 
of  the  current  Interruption.  Except  for  this  phenomenon,  however,  the 
magnetic  field  Interrupting  levels  do  not  differ  markedly  between  the  former 
two  modes  of  current  extinction. 

(3)  Bq  Dependence  on  the  Principal  Interaction  Channel  Parameters 
(a)  Parametric  Equations 

Parametric  studies  were  undertaken  to  determine  the  effects  of 
the  tube  pressure.  Interaction  channel  length,  voltage,  and  current  on  the 
requirement  for  the  Interrupting  magnetic  field.  Empirical  values  for  the 
parameters  $,  y.  and  m for  the  equation  Bq  a Ebb®  IbT  L~m  were  Investi- 
gated, and  for  average  Bq  values  these  were  determined  to  be: 

RSI  003  Bq  = 0.97  l-(°*78*°*10)  Ebb^ 1 -26±0- ^(0.24*0.10) 
normalized  to  Ebb  * 15kV,  1b  * 300  amps,  p = 0.25  torr 
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A 


(a)  RSI  10A  current  versus  magnetic  field: 
uninterrupted  fault  pulse. 


(b)  RSI  10A  current  versus  magnetic  field: 
Interrupted  fault  pulse. 


Figure  19.  RSI  current  versus  magnetic  field  In  RSI  10A. 
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RSI  7-2  Bq  = 0.79  (L  = 36  cm)"0,78  Ebb1,5  ib0,27 


normalized  to  Ebb  = 9k V,  ib  = 200  amps,  p = 0.3  torr 

Units  for  the  above  equations  are  kilogauss,  centimeters,  kilovolts,  and 
amperes.  Specific  parametric  dependences  are  detailed  in  the  following 
sections. 

(b)  Bq  Dependence  on  Tube  Current  and  Voltage 

Direct  data  for  the  principal  RSI  ttyratrons  for  Bq  versus  Ebb 
and  Rrc  is  shown  in  Figures  20  through  27.  RSI  003  data,  specifically 
for  anode  points  A and  D,  are  used  to  allow  ready  comparison  between  curves  in 
these  figures.  Tube  current  is  calculable  from  these  curves  via  ib  = (Ebb  - 
etd)/Rrc  with  a reasonable  degree  of  accuracy.  Increasing  current  at  lower 
Rrc  values  is  seen  to  consistently  require  higher  Bq  levels  for  interruption. 

The  RSI  003  data  were  taken  to  determine  the  effect  of  interaction 
channel  length  on  tube  interruption  requirements.  A,  B,  and  D refer  to  the 
anode  electrode  used;  point  C data  has  been  omitted  for  clarity,  but  falls 
neatly  between  those  sets  of  curves  for  B and  D.  Data  taken  with  the  field 
direction  reversed  present  nearly  identical  curves,  although  a shift  to  the 
right  occurs  which  is  caused  by  field  nonuniformity  (see  subsection  3.c(5)). 

Figure  22  presents  the  initial  data  which  prompted  the  decision 
to  examine  in  more  detail  the  use  of  chuted  interaction  sections.  The  reduc- 
tion in  Bq  is  significant,  particularly  at  higher  Ebb.  In  low  current  dis- 
charges (Rrc  = 100  ohms),  Bq  is  reduced  to  25%  of  the  corresponding  value  for 
the  RSI  003.  At  300  amperes,  the  reduction  is  to  40%  of  RSI  003  values.  The 
interrupting  fields  used  in  this  calculation  for  the  RSI  003  represent  the 
best  of  several  series  of  data  points.  In  which  fringe  fields  have  been 
el iminated. 

Figure  24  demonstrates  interruption  requirements  for  the  S-shaped 
RSI  7-2.  It  is  apparent  that  Bq  values  have  not  shifted  markedly  from  those 
for  the  RSI  003. 

Testing  of  two  of  the  MCCD  tubes  gave  the  results  shown  in  Figure  23. 
The  MCCD  400  D 250  results  In  Bq  versus  Ebb,  ib  curves  which  are  quite  similar 
to  those  of  the  RSI  003,  despite  the  change  in  fill  gas  to  deuterium.  The 
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Increased  magnitude  of  Bq  for  these  curves  Is  presumed  to  be  due  to  the 
deuterium  fill  (see  subsection  3.e(2)).  A curve  for  the  MCCD  425  H 181  Is 
Included  In  this  figure  (see  subsection  3.c(3)(d)). 

Results  from  the  first  RSI  10  series  thyratrons  are  shown  In 
Figures  25,  26,  and  27.  These  tests  Indicate  that  the  reduced  dependence  on 
Ebb  and  1b  continues  to  hold  at  higher  voltage  and  current  levels,  although 
some  nonl Inearl  ties  begin  to  appear  which  shift  the  curves  from  the  previously 
obtained  form. 

Specifically,  high  current  data  for  the  RSI  10A  Indicate  what 
appears  to  be  a transition  toward  the  higher  Bq  levels  which  were  seen  In  the 
uniform  channel  tubes.  This  could  be  the  result  of  discharge  formation  which 
"hops"  from  chute  to  chute  along  the  central  channel  bore,  supported  by  high 
velocity  electrons,  as  conceived  for  the  RSI  7-2  (see  subsection  3 .c( 9 ) ) . In 
addition,  data  for  the  RSI  10E1  Indicate  a transition  to  an  Interrupting  form 
of  lower  Bq  at  low  fault  current.  This  phenomenon  can  be  ascribed  at  least  In 
part  to  a current  dependent  Instability  occurring  early  In  the  Interruption 
process  rather  than  at  the  time  of  peak  magnetic  field,  and  is  believed  to 
result  from  thln-channel  quenching  or  lon/gas  starvation. 

An  analysis  of  the  data  for  the  RSI  003  was  undertaken  In  an 
attempt  to  separate  the  effects  of  voltage  and  current  upon  Bq.  The  exponents 

of  the  equation  Bq  a Ebb^  1bY  were  calculated  from  log-log  plots  of 
the  data  (Figure  28);  values  for  these  exponents  are  given  In  Tables  2 and  3. 
It  Is  noted  that  the  data  are  somewhat  erratic. 

A plot  of  Bq  versus  Ebb  for  constant  Rrc  for  the  RSI  003  is  shown 
In  Figure  29.  Note  that  the  linearity  of  this  plot  Is  better  than  that  for 
the  analyzed  data  according  to  the  equation  Bq  a Ebb1*75  where  no  allow- 
ance has  been  made  for  the  Increased  current  at  higher  Ebb.  This  unusual 
linearity  cannot  be  directly  attributable  to  a functional  dependence  on  either 
Ebb  or  power  switched,  as  Is  seen  by  examining  Bq  versus  Rrc. 


Similar  analysis  was  done  for  the  RSI  7-2;  values  for  8 and  "Y  are 
given  In  Tables  4 and  5.  These  values  are  similar  to  those  obtained  for 
the  RSI  003. 


Bq  (KILOGAUSS) 


Figure  20.  Quenching  magnetic  field  versus  RSI  supply  voltage  (Ebb),  length 
of  Interaction  tube  (L),  and  the  fault  network  load  resistance 
(Rrc)  for  the  RSI  003. 
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Bq  (K  GAUSS) 


Figure  23.  Quenching  field  versus  main  supply  voltage  (Ebb)  for  several 
tubes. 
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Figure  29.  Eq  versus  Ebb  for  RSI  003. 


Table  2.  Experimental  Values  of  8 for  the  Equation  Bq  a (Ebb)®. 
RSI  003  Eres  = 5.6,  p = 0.25  torr. 


Peak  RSI  Current,  1b  (Amperes) 


Anode 

Point 


CATHODE 

IEL 
DIRECTION 


Anode 

Point 


Peak  RSI  Current,  1b  (Amperes) 

50 

100 

150 

200 

250 

300 

400 

CATHODE 


(Fringe  Field) 


DIRECTION 


Table  3. 


Experimental  Values  for  6 for  the  Equation  Bq  a (1b) 
RSI  003  Eres  * 5.6,  p * 0.25  torr. 


6 


ANOOE 
A C 


BO 


B D 
CATHODE 


FIELD 

DIRECTION 


Main  Supply  Voltage,  Ebb  (Kilovolts) 


Anode 

Point 

5 

6 

7 

8 

10 

12 

14 

15 

16 

A 

— 

0.18 

— 

0.43 

0.57 

■ 



— 

■j 

B 

— 

— 

— 

0.24 

0.06 

0.19 

— 

0.17 

C 

— 

— 

— 

0.42 

0.21 

0.25 

— 

0.31 

E 

D 

— 

— 

— 

0.47 

0.44 

0.30 

— 

0.34 

ANODE 


A C 

.-L,  ri. 


B® 


B D 
CATHODE 


Anode 

Point 


A 

B 

C 

D 


Main  Supply  Voltage,  Ebb  (Kilovolts) 


0.04 


0.02 


0.04 


0.07 

0.17 

0.14 

0.06 


10 


0.22 

0.14 


12 


0.30 

0.14 


14 


0.30 

0.18 

0.32 


15 


16 


0.19 

0.31 


0.28  0.31 


Q 

Table  4.  Experimental  Values  of  3 for  Bq  a (Ebb) 
For  the  RSI  7-2  (p  = 0.3  to rr). 


1b  (amp) 

100 

125 

175 

225 

275 

3 

1.46 

1.45 

1.26 

1.72 

1.65 

Table  5.  Experimental  Values  of  6 for  Bq  a (1b) 
For  the  RSI  7-2  (p  = 0.3  torr). 


Ebb  (kV) 

7 

7.5 

8 

8.5 

9 

9.5 

10 

10.5 

11 

6 

0.21 

0.29 

0.29 

0.30 

0.29 

0.32 

0.37 

0.29 

0.41 
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An  alternate  method  of  data  presentation  Is  shown  In  Figure  30, 
where  1b  and  Ebb  are  related  through  constant  Bq  for  the  RSI  7-2  and  the  RSI 
003. 

( c ) Bq  Dependence  on  the  Length  of  the  Interaction  Channel 

An  expectation  that  the  interrupting  magnetic  field  level  will 
be  Inversely  proportional  to  the  length  of  the  Interaction  channel  Is  based  on 
the  observation  that  the  enhanced  voltage  drop  induced  in  the  plasma  column  by 
the  application  of  the  magnetic  field  Is  nearly  proportional  to  the  magnetic 
field,  as  Is  demonstrated  In  subsection  3.c(2).  Since  the  total  enhanced 
voltage  drop  In  the  Interaction  column  Is  equal  to  the  sum  of  the  multiple 
lengths  In  series  of  the  Interaction  column,  the  expectation  Is  that  the  total 
enhanced  drop  should  be  proportional  to  the  length  of  the  column,  and  that 
therefore  the  Interrupting  field  should  act  in  the  same  manner.  Previous 
experimentation  based  on  limited  data  (Thomas  et  al.  , p.  100)  concluded 
that  this  relationship  is  nearly  linear. 

Results  from  parametric  studies  of  the  RSI  003,  the  MCCD  425  H 181, 
and  the  MCCD  400D  250  (Figures  31  and  32),  however,  indicate  that  the  depen- 
dence Is  less  than  linear:  average  exponential  dependences  for  the  three 
tubes  are  Bq  a L-0'78,  Bq  a L"°*71,  and  Bq  a L-0*87,  respectively.  Further- 
more, studies  with  the  RSI  003  (Tables  6 and  7)  Indicate  that  the  exponent 
decreases  at  higher  power. 

The  nonlinear  relationship  Is  caused  by:  (1)  the  folding  of  the 
discharge  channel,  and  (2)  the  nonuniformity  of  magnetic  field  within  the  air 
gap  (Figure  16).  At  the  point  of  a fold  In  the  discharge  channel,  the  plasma 
column  apparently  shortens  Its  path  length  to  follow  the  electric  field  lines, 
thereby  decreasing  the  total  path  length  somewhat  from  that  of  the  channel 
center.  A 10%  decrease  In  column  length  can  be  derived  In  this  manner. 

The  magnetic  field  level  decreases  by  as  much  as  25%  at  the  outside 
edges  of  the  air  gap.  An  average  15%  decrease  In  field  strength  toward  the 
air  gap  extremities  results  In  a completion  of  the  correction  factor  to 
explain  the  nonlinearity  of  Bq  versus  L. 

In  the  consideration  for  selection  of  design  length  for  the  Inter- 
action channel,  however,  these  corrections  must  be  taken  Into  consideration. 


-53- 


20 


10 

9 

8 

7 


4 

3| 


I' 

I' 


Figure  31.  Quenchln 
(Ebb),  a 


4 


Eq(kV) 


A final  design  must  use  a folded  discharge  channel  and  a "real  world"  air  gap 
In  order  to  minimize  magnetic  field  fringe  losses.  In  this  regard,  the  use  of 
a value  for  m = +0.75  Is  required. 

(d)  Bq  Dependence  on  Interaction  Channel  Diameter 

Figure  33  illustrates  the  relative  requirements  for  Bq  for  a series 
of  tubes  of  approximately  6-inch  length  with  differing  internal  diameters. 
Test  conditions  for  the  series  of  tubes  are  nearly  equal  (p  = 0.3  torr,  Rrc  = 
50fi)  with  the  exceptions  that  the  RSI  003  tube  was  tested  at  0.25  torr  and  the 
RSI  004  at  approximately  0.35  torr  and  Rrc  - 60ft.  These  effects  can  be 
eliminated  by  a shift  of  the  RSI  003  curve  by  +15%  and  of  the  RSI  004  curve  by 
-10%. 

When  these  corrections  are  made,  there  is  little  difference  between 
the  Bq  values  for  the  RSI  003  and  the  RSI  004  H2,  but  there  is  a reduction 
in  Bq  of  50%  in  changing  from  0.25-1nch  or  0.375-inch  channel  bore  to  a 
0.19-inch  bore.  The  cause  for  this  behavior  is  uncertain;  theoretical  argu- 
ments suggest  that  the  constructed  plasma  column  sustaining  voltage  is  inde- 
pendent of  tube  diameter  (see  section  4.b).  A contributing  factor  to  explain 
this  phenomenon  may  be  the  added  instability  caused  by  a gas  starvation 
mechanism  similar  to  grid-quenching  seen  at  somewhat  higher  current  densities. 

It  is  apparent  from  Figure  33  that  the  nonuniform  channel  tubes 
effectively  reduce  the  requirement  for  Bq.  This  feature  is  discussed  further 
in  subsection  3 .c( 10) . 

(e)  Bq  Dependence  on  Tube  Pressure 

Tube  pressure  has  a substantial  effect  upon  the  Bq  requirement, 
particularly  at  low  values,  as  is  demonstrated  in  Figures  34  through  39. 
Figures  34  and  35  illustrate  the  fact  that  this  dependence  is  more  pronounced 
at  higher  Ebb. 

Figures  36  and  38  reveal  two  forms  of  dependence  upon  pressure.  At 
higher  pressure  levels,  a gradual  and  constant  slope  occurs  over  a fairly  wide 
range  of  pressure.  At  lower  pressure,  a sudden  decline  occurs  as  the  thyra- 
tron  apparently  runs  out  of  gas  and  becomes  considerably  easier  to  Interrupt. 
The  pressure  at  which  this  occurs  Is  considerably  higher  for  the  chuted  RSI  10 
series  tubes. 
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Figure  34.  Quenching  field  versus  main  supply  voltage  (Ebb)  and  pressure  (P) 
for  the  RSI  003. 
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Figure  37.  Interrupting  magnetic  field  versus  tube  pressure  for  RSI  003 
RSI  004  D«.  RSI  IOEI. 


(4)  Bq  Dependence  on  Magnetic  Field  Pulse  Delay  and  Risetime 

Two  examinations  were  made  to  determine  the  effect  of  the  magnetic 
field  pulse  delay  (tD,  the  Interval  between  the  firing  of  the  fault  discharge 
and  the  triggering  of  the  magnet  circuit  discharge)  on  Bq;  results  of  the  two 
tests  are  shown  In  Figures  40  and  41.  These  results  reveal  two  differing 
dependencies.  First,  both  demonstrate  that  after  an  Initial  portion  of  time 
for  stabilization  of  the  discharge,  the  magnetic  field  required  for  interrup- 
tion is  proportional  to  the  fault  voltage  waveform,  dropping  with  the  same  RC 
time  constant  as  would  be  expected  if  Bq  were  dependent  on  epy  alone  (i.e.. 
Independent  of  previous  history  within  the  discharge  as  might  be  evidenced  In 
gas  heating  or  gas  pumping). 

Secondly,  however,  a noticeable  drop  occurs  in  Bq  at  low  tD  in  the 
RSI  003  study.  The  time  delay  which  results  In  the  highest  requirement  for 
Bq,  12  ysec.  Is  approximately  equal  to  the  field  pulse  risetime;  the  effects 
should  not  be  relatable,  however,  since  the  field  risetime  begins  after  the 
time  delay  has  elapsed. 

This  Indicates  that  there  Is  another  phenomenon  occurring  in  this 
tube  that  did  not  occur  In  the  RSI  004.  The  cause  Is  not  understood,  although 
possible  contributing  factors  Include  the  higher  pressure  at  which  the  tube 
was  tested  and  the  longer  Interaction  column  studied.  If  the  phenomenon  is 
Indeed  length  dependent,  an  Interaction  channel  of  long  length  may  be  Indi- 
cated. The  lengths  of  interaction  channel  used  In  the  RSI  003  and  RSI  004  are 
32  and  6 Inches,  respectively. 

Tests  In  the  RSI  004  examination  showed  that  the  absence  of  a short 
time  scale  decrease  In  Bq  was  not  caused  by  a change  In  the  magnetic  field 
risetime,  as  demonstrated  In  Figure  41b.  Furthermore,  only  a slight  data 
shift  Is  seen  to  Indicate  that  high  pressure  could  be  the  cause  of  the  RSI  003 
type  low  time  delay  Bq  drop,  and  that  data  point  Is  Inside  the  limits  of 
experimental  error  ("error  bars"  shown  In  Figure  41a  represent  the  points  of 
50%  and  90%  Interrupting  probability).  The  shifts  within  the  Figure  41a 
curves  versus  Ef  are  believed  to  be  caused  by  parasitic  heating  of  the 
reservoir  from  the  cathode  heating  element. 
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Figure  40.  Bq  versus  magnetic  circuit  firing  delay  for  RSI  003. 


The  effect  of  the  magnetic  field  risetime  on  the  required  Interrupt- 
ing magnetic  field  was  observed.  The  magnet  circuit  shown  In  Figure  42a  was 
used,  where  N and  Rm  were  varied  to  produce  a series  of  near  critically  damped 
magnet  current  pulses,  with  varying  rlsetlmes.  Results  are  shown  In  Figure 
42b,  and  they  seem  to  indicate  an  optimum  risetime  of  10  ysec.  These  data 
should  be  reviewed  with  a degree  of  caution,  however,  since:  (1)  inductances 
elsewhere  In  the  circuit  become  comparable  to  the  magnet  inductance  at  low 
values  of  N,  so  that  stray  magnetic  fields  become  an  important  factor;  and  (2) 
each  data  point  represents  a slightly  different  waveshape  corresponding  to  a 
slightly  different  degree  of  overdamping. 

A study  reported  by  Thomas  et  al . ( 13 ) indicated  that  at  low  power, 
Bq  was  Independent  of  the  magnetic  field  risetime.  An  increase  In  Bq  was  seen 
at  td  near  1 ysec,  but  was  attributed  to  nonuniformities  In  the  magnetic  field 
distribution. 

(5)  Effects  of  Magnetic  Field  Direction  and  Nonuni formity 

Early  experiments  suggested  that  there  might  be  a preferred  field 
direction  for  fault  quenching.  A study  of  this  effect  demonstrated  that  the 
probable  cause  for  observed  discrepancies  was  due  to  fringe-field  quenching 
rather  than  field  direction. 

No  specific  work  was  performed  regarding  field  shape  except  for  a 
study  of  the  effects  of  fringe  fields  at  the  borders  of  the  core  gap.  Figure 
12  of  the  Second  Trlannual  Report  (Simon  and  Turnquist*2)  shows  the  effect 
of  shifting  the  RSI  away  from  the  fringe  fields  at  the  interaction  regions 
nearest  the  cathode.  As  would  be  expected,  the  discharge  becomes  easier  to 
quench  when  all  or  part  of  the  plasma  column  Is  farther  within  the  full-field 
region  of  the  magnet  gap.  An  unexpected  result  obtained  from  a different 
experimental  run  Indicated  that  a plasma  column  subjected  entirely  to  a fringe 
field  could  be  quenched  with  an  equal  but  high  field,  independent  of  tube 
current  (for  the  same  tube  voltage)  (Figure  43). 

(6)  Restrike  Occurrence 

Prevention  of  restriking  of  the  fault  discharge  after  current 
Interruption  Is  extremely  Important  to  the  success  of  the  RSI  program.  One 
proposal  for  restrike  prevention  Is  to  shape  the  magnetic  field  pulse  to 
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Interrupting  magnetic  field  versus  magnet  pulse  risetime 


provide  two  functions.  The  first  portion  of  the  pulse  would  Interrupt  the 
discharge,  with  a short  risetime,  high  magnetic  field.  The  second  portion 
would  continue  from  the  first,  at  a considerably  lower  level,  to  prevent 
restriking.  It  has  been  observed  that  the  strength  of  the  magnetic  field 
after  Interruption  has  an  effect  upon  restriking  behavior,  particularly  in 
that  allowing  the  magnetic  field  to  ring  also  allowed  the  current  discharge  to 
restrike  at  approximately  the  time  that  the  field  passed  through  zero.  In 
addition,  use  of  critically  damped  magnet  current  pulses  often  results  in 
restriking  at  a point  when  the  field  current  has  been  reduced  to  10-50%  of  Its 
peak  level.  A pulse-shaping  circuit  as  shown  In  Figure  44  was  therefore 
devised  for  testing  restrike  prevention.  The  series  thyratron  was  removed 
from  the  circuit,  the  RSI  holdoff  section  being  used  to  provide  high  voltage 
recovery. 

Typical  test  results  from  this  circuit  are  shown  in  Figure  45,  where 
the  deuterium-filled  RSI  004  was  under  test,  triggered  directly  with  a 4-kV 
pulse.  A typical  magnet  current  Is  shown  In  Figure  45a.  Figure  45b  shows 
restrike  prevention  at  5.9  kV,  at  which  point  roughly  70%  of  all  fault  pulses 
are  completely  quenched  (lower  Ebb  discharges  are  Interrupted  completely  with 
progressively  better  consistency).  Figure  45c  shows  a slightly  different 
case,  where  restriking  after  several  hundred  microseconds  was  a problem. 
Different  capacitor  values  were  used  in  each  case;  the  number  of  magnet  turns 
was  also  adjusted.  The  restriking  shown  In  Figure  45b,  occurring  at  lower 
Ebb,  takes  place  at  approximately  the  same  field  levels  as  that  shown  In 
Figure  45c,  but  with  a longer  period  of  delay,  and  a greater  variability  of 
delay  time. 

Other  test  circuitry  for  providing  longer  low  field  pulsing  was 
tested  without  success.  One  difficulty  with  the  coupling  of  short  and  long 
magnet  colls,  which  necessarily  requires  coils  of  a few  and  many  turns,  Is 
that  the  high  dB/dt  Induced  In  the  magnet  by  the  fast  coll  produces 
dangerously  high  voltages  In  the  many- turn  coll. 
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Alternate  methods  of  eliminating  restrike  behavior  which  were  tested 
with  the  RSI  7-2  were:  (1)  the  use  of  grid  bias  circuitry,  and  (2)  the 
addition  of  an  auxiliary  magnetic  field  applied  to  the  anode-grid  section  of 
the  RSI.  Both  studies  showed  inconsistent  improvement  in  restrike  reduction 
and  complete  restrike  elimination  at  high  Ebb  was  not  achieved.  A study  which 
was  intended  to  test  the  use  of  reverse  electric  field  grading  in  the  RSI  7-2 
to  prevent  restriking  was  not  done  due  to  the  fracture  of  the  tube.  The 
S-shaped  discharge  channel  had  been  intended  to  provide  a more  effective  means 
of  field  reversal  (with  capacitive  coupling  at  the  folds  of  the  discharge 
column) . 

The  grid  bias  test  made  use  of  the  circuit  shown  in  Figure  46.  Due 
to  the  high  voltage  developed  across  the  interaction  section  during  interrup- 
tion, the  grid  could  not  be  biased  relative  to  cathode  ground,  but  rather  to 
an  alternate  point  below  grid  potential  but  above  the  high  interaction  section 
potential.  Use  was  made  of  the  upper  Kovar  glass  sealing  sleeve  assembly  to 
provide  a low  reference  point  for  grid  biasing.  Values  of  = 2.5  mh  and 
Cb  = 1 pf  provided  best  results  for  restrike  elimination  without  loading 
down  the  required  3 kV  trigger  pulse.  (Use  of  a lower  impedance  high  voltage 
trigger  system  might  allow  the  use  of  lower  L^,  and  perhaps  reduce  grid 
bias  requirements.) 

Results  from  these  tests  were  mixed;  test  runs  provided  the  data 
shown  in  Figures  47  and  48,  where  restrike  occurrence  was  noted  to  be  a 
function  of  tube  pressure  and  grid  bias.  Deviation  from  these  results  was 
seen,  however,  particularly  if  the  grid  bias  circuitry  was  changed.  Elimina- 
tion of  the  grid  bias  voltage  without  elimination  of  the  series  L,  C,  for 
instance,  reduced  critical  restrike  pressure  to  0.25  torr.  At  other  times, 
restriking  would  be  eliminated  at  a particular  test  condition,  only  to  re- 
appear shortly  afterward.  Tests  indicated  that  it  is  more  likely  for  a 
restrike  to  occur  following  an  Initial  restrike  than  following  a completely 
interrupted  discharge. 

An  auxiliary  magnet  with  a 2-1nch  gap  was  used  to  provide  a weak 
transverse  field  across  the  anode-grid  holdoff  structure,  and  was  connected  In 
series  with  the  principal  magnet  coll  winding.  A field  of  approximately  300 
gauss  was  obtained  at  the  center  of  the  gap. 
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Figure  47.  Percent  restrike  of  fault  pulses  versus  pressure,  grid  bias 
for  RSI  7-2. 
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Figure  48.  Restrike  pressure  versus  grid  bias  for  RSI  7-2 


Various  results  were  obtained.  Including  the  complete  but  unrepro- 
ducible  elimination  of  restrikes  up  to  0.43  torr  at  Ebb  = 7.5  kV.  Generally, 
restriking  was  reduced  In  frequency  to  5-50%,  with  restriking  occurring  least 
frequently  at  low  pressure,  low  Ebb,  and  low  B,  independently.  Increasing  p, 
Ebb,  or  B Independently  of  the  other  two  variables  causes  a sudden  increase  In 
restriking. 

The  overall  conclusion  taken  from  these  tests  is  that  two  (or  more) 
different  mechanisms  are  responsible  for  the  production  of  restrike  activity. 
The  first  Is  related  to  grid  noise,  the  second  to  a failure  of  high  voltage 
transfer  from  the  Interaction  region  to  the  holdoff  region,  and  a third  to 
spurious  causes,  perhaps  due  to  unseen  grid  noise. 

Grid  noise  does  appear  In  the  present  experimental  arrangement,  and 
If  present  at  a level  above  approximately  1 kV,  will  restrike  the  tube.  One 
mode  of  restrike  represents  a drop  of  egy  to  a 1-2  kV  decaying  oscillation 
above  ground.  Restriking  occurs  as  the  oscillation  swings  upward,  and  may 
repeat  Itself  up  to  10  or  more  times  every  2-3  ysec,  In  a voltage  chopping 
pattern.  This  chopping  occurs  while  a high  magnetic  field  is  still  present 
across  the  Interaction  region,  so  that  a full  restrike  does  not  occur  (I.e., 
epy  stays  at  Its  Interrupted  potential).  However,  If  the  chopping  continues 
until  the  magnetic  field  Is  considerably  reduced,  as  It  often  does,  a full 
restrike  occurs. 

Grid  noise  caused  by  the  magnetic  field  circuit  also  causes  restrik- 
ing after  a period  of  20-60  ysec  or  more.  This  noise  has  been  eliminated  only 
with  a low  Impedance  circuit  from  grid  to  cathode  ground  which  also  loads  down 
the  trigger  pulse  and  prevents  tube  firing.  This  noise  may  be  due  to  dB/dt 
Induced  voltages  or  magnet  circuit  spark  gap  noise. 

Alternately,  the  grid  potential  can  rise  to  epy  after  Interruption 
but  fall  to  fall  to  ground  (I.e.,  transfer  high  voltage  to  the  anode-grid  gap) 
for  50  ysec  or  more.  The  magnetic  field  level  has  by  this  time  fallen  con- 
siderably, and  the  tube  may  restrike.  It  has  been  observed  In  some  pulses 
that  the  grid  voltage  rises  to  epy  to  provide  Interruption,  but  begins  to  fall 
toward  ground  after  a pause  of  1-2  ysec,  while  the  anode  remains  at  epy.  An 
Implication  Is  that  this  short  time  period  Is  sufficient  to  deionize  the 
anode-grid  gap,  but  that  grid  to  cathode  capacitance  In  the  tightly  coupled 
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tube-magnet  system  holds  the  grid  at  epy.  This  requires  that  the  interaction 
section  deionize  before  the  anode-grid  region,  preventing  a discharge  of  the 
capacitive  voltage  through  the  discharge  channel.  An  explanation  of  this 
nature  would  concur  with  observations  of  the  variable  frequency  of  occurrence 
of  long  to  short  time  period  duration  of  high  grid  potential,  since  occurrence 
of  the  two  effects  would  depend  upon  which  of  the  two  regions  deionized  first. 
Difficult  to  explain,  however,  is  the  lack  of  decay  of  egy  after  even  50  Msec. 
Furthermore,  introduction  of  additional  capacitance  between  grid  and  cathode 
Increases  the  rate  of  fall  of  grid  potential,  while  the  opposite  would  be 
expected  for  RC  decay. 

Further  circuitry  must  be  tested  to  bring  the  grid  potential  to 
ground  20-30  Msec  after  interruption  without  causing  grid  voltage  oscilla- 
tions. Use  of  the  RSI  in  a free-running  mode  must  also  be  looked  at  more 
carefully,  as  this  operational  method  eliminates  all  triggering  requirement, 
particularly  the  isolation  of  the  grid  trigger  for  the  full  Ebb  voltage  off 
ground. 

(7)  Series  Tube  Power  Dissipation 

The  purpose  of  the  RSI  tube  is  to  prevent  damage  from  occurring  in 
the  traveling  wave  tube  which  will  operate  in  series  with  the  RSI.  To  mini- 
mize damage  in  the  TWT,  power  dissipation  should  be  kept  to  a minimum.  This 
power  dissipation,  during  the  fault  conduction  period,  can  effectively  be 
taken  as  equal  to  / VTWTIdt  for  the  period  In  which  the  fault  current  Is 
being  carried.  This  value  is  essentially  equal  to  / VTWTIdt  = VQ,  where  Q 
equals  the  total  charge  transferred  during  this  interval.  This  assumes  that 
an  arc  occurs  In  the  traveling  wave  tube,  with  an  arc  voltage  between  10  and 
100  volts.  To  keep  the  total  dissipation  under  1 joule,  Q should  be  less  than 
0.01  coulomb.  Q may  be  regarded  as  a useful  figure  of  merit  for  the  RSI, 
since  this  parameter  Is  proportional  to  the  amount  of  energy  dissipated  in  the 
microwave  tube. 

Our  present  tubes  are  capable  of  switching  off  In  a period  of 
roughly  10  Msec.  The  f Idt  is  somewhat  less  than  1/2  ibAt,  which  for  a peak 
current  of  300  amps  yields  Q * 0.0015  coulomb,  which  would  Indicate  an  energy 
dissipation  of  0.15  joule  In  the  faulted  TWT.  This  assumes  that  the  RSI 
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magnet  is  switched  on  immediately  (less  than  1 usee)  after  the  fault  current 
begins.  Even  if  an  extreme  delay  of  5 ysec  is  assumed  for  firing  the  RSI,  the 
total  Q switched  would  only  double,  so  that  series  tube  power  dissipation 
ould  still  be  only  0.3  joule. 

It  is  also  possible  to  reduce  these  numbers  still  further  by  de- 
creasing the  magnetic  field  risetime.  A 5-ysec  field  risetime  is  possible; 
combined  with  a realistic  3-ysec  firing  delay,  the  total  charge  transferred, 
Q,  would  equal  0.00165  coulomb.  The  problem  that  develops  here  is  that  high 
voltages  are  induced  in  the  long  pulse  magnet  by  the  fast  risetime  of  the 
interrupting  field.  These  can  be  overcome  at  the  expense  of  high  capacitor 
storage  energy  discharged  through  a magnet  coil  with  a moderate  number  of 
turns. 

(8)  Thin  Channel  Quenching 

The  RSI  7-3  tube  (Figure  8)  was  built  to  test  possible  fault  inter- 
ruption by  grid  quenching.  This  tube  utilized  a long  grid  with  a restrictive 
grid  aperture  of  0.084-inch  diameter.  Thyratron  grid-quenching  phenomena  are 
observed  at  grid  current  densities  of  10,000  amp/square  inch;  this  corresponds 
to  an  expected  55-amp  quenching  level  for  an  aperture  of  the  size  used. 

The  RSI  7-3  did  not  undergo  quenching  at  any  normal  operating 
condition.  Quenching  was  observed  only  at  very  low  Ef,  presumably  due  to 
cathode  current  limitation.  In  addition,  the  tube  proved  difficult  to  trig- 
ger, had  a high  grid  voltage  drop,  and  operated  in  a variety  of  modes,  includ- 
ing the  normal  glow  discharge,  an  arc  discharge  from  the  tip  of  the  grid 
structure,  and  both  arc  and  glow  discharges  from  the  base  envelope  seal  of  the 
grid  structure. 

A strong  (8  kilogauss)  magnetic  field  was  applied  across  the  anode- 
grid  gap  as  a test  for  fault  interruption.  The  application  of  a transverse 
field  across  a triple  grid  holdoff  structure  has  been  used  by  Wheldon(18)  as 
an  opening  switch.  Utilization  of  a thin  channel  anode-grid  design  allows  the 
testing  of  such  a design  In  opening  switch  applications  where  the  total 
switching  magnetic  field  energy  has  been  minimized  by  volume  reduction. 

This  test  was  not  successful.  The  application  of  a field  as  high  as 
10  kilogauss  provided  fault  interruption  at  only  very  low  voltages  (Ebb  = 2 
kV).  It  appears  that  a redesign  would  be  necessary  to  add  additional  grids. 
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as  Wheldon  did.  These  cannot  readily  be  stacked  adjacent  to  each  other  in  a 
thin  channel  tube  in  a reentrant  design,  but  require  a design  providing  either 
(1)  feed-through  through  the  insulator  wall  (which  could  result  in  a tendency 
to  arc  from  the  metal -dielectric  junction),  or  (2)  stacking  of  a complete  RSI 
7-3  type  anode  grid  assembly,  which  would  result  in  a long  thin  central 
channel  and  a correspondingly  high  tube  voltage  drop. 

(9)  Interaction  Channel  Geometry  Modification 

The  geometry  of  the  interaction  channel  has  been  altered  in  this 
investigation  in  two  ways:  (1)  by  transformation  from  a straight  linear 
channel  to  a folded  channel,  with  channels  traveling  either  parallel  to  the 
tube  axis  (RSI  003,  MCCD  tubes)  or  perpendicular  to  it  (RSI  7-2);  or  (2)  by 
the  addition  to  the  I.D.  of  the  channel  of  chuted  walls,  either  in  a circular 
cross-section  as  in  the  RSI  005  or  along  one  or  two  wall  surfaces  as  in  the 
RSI  10  series. 


The  effect  of  folding  the  discharge  column  causes  the  gas  discharge 
to  shift  toward  the  shortest  path  through  the  channel  during  interaction  with 
the  transverse  magnetic  field;  i.e.,  at  the  folds  of  the  discharge  channel, 
the  constructed  plasma  column  does  not  follow  the  wall  contour  against  which 
it  is  being  propelled  by  the  IXB  force,  but  shifts  from  that  wall  surface 
along  the  direction  of  the  electric  field  lines  around  the  fold.  This  conclu- 
sion is  inferred  from  an  examination  of  the  wall  erosion  caused  in  the  inter- 
action channel,  and  from  the  observation  that  an  inclusion  of  this  wall 
jumping  effect  improved  the  linearity  of  the  relationship  of  Bq  with  channel 
length.  The  cause  of  this  wall  jumping  is  that  under  the  conditions  of  high 
electric  field  along  the  discharge  column  during  magnetic  interruption, 
magnetic  and  electric  forces  upon  the  plasma  column  are  of  comparable 
magnitude.  (At  5 kllogauss,  E/ ( v^XB ) 1.) 

The  chuted  wall  RSI  thyratrons  have  demonstrated  the  capability  of 
interrupting  fault  discharges  at  magnetic  field  levels  of  from  20-60*  of  those 
required  for  uniform  channel  interrupters.  The  RSI  005  first  demonstrated 
this  capability,  although  it  had  difficulty  in  preventing  arc  formation 
between  what  were  somewhat  loosely  stacked  ceramic  washers  and  the  enclosing 


glass  envelope.  It  should  be  noted  that  although  this  tube  Interrupted  at  low 
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Bq,  transitions  of  the  customary  glow  discharge  to  an  arc  mode  were  seen,  and 
were  apparently  caused  by  the  Interaction  of  the  principal  discharge  with 
members  of  the  ceramic  stack.  The  phenomenon  of  arc  spot  generation  on  the 
ceramic  washer  material  was  noted,  but  was  seen  as  a mode  traveling  between 
washers  toward  the  envelope  and  not  through  the  main  discharge  path  in  the 
center  of  the  chuted  channel . 


The  RSI  10  series  thyratrons  have  achieved  results  equal  to  or 
better  than  those  of  the  RSI  005  as  regards  Bq  reduction  (see  Figure  33, 
subsection  3.c(3)(d)).  The  principal  mechanisms  for  this  reduction  in  Bq  are 
presumably  the  same  as  those  for  the  RSI  005,  as  evidenced  by  the  close 
correspondence  of  RSI  10A  data  to  that  of  the  RSI  005.  Physical  processes 
which  can  be  considered  the  source  of  this  switching  improvement  are,  in 
particular:  the  increased  plasma  energy  loss  by  interaction  of  a greater 

portion  of  the  plasma  column  with  the  wall  surface;  the  increased  surface  area 
of  the  wall  itself;  and  the  Increased  loss  of  Ionized  particles  to 
recombination  at  the  channel  wall. 


An  argument  has  previously  been  given  (Simon  and  Turnquist12)  that 
the  reduction  of  Bq  in  the  chuted  channels  was  due  to  the  increased  path 
length  along  the  surface  of  the  wall,  via: 


Bq  (folded  or  chuted  wall). 
Bq  (straight  wall) 


{(Lf0)ded  «a11>/(Lstraight  Mll)|  ‘°-75 


For  the  RSI  005,  this  ratio  equalled  0.36,  which  corresponds  to  the  approxi- 
mate advantage  achieved  with  Bq  reduction  In  the  RSI  005  versus  the  RSI  003 
interrupters.  However,  this  theory  loses  a major  part  of  Its  substance  when 
consideration  is  given  to  the  effect  of  Increased  Bq  reduction  in  the  RSI  10A 
interrupter  along  the  wall  containing  the  relatively  shorter  chute  depths. 
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A more  applicable  process  for  consideration  of  these  chuted  wall 
effects  is  probably  that  of  plasma  starvation  by  a loss  of  electrons  and  ions 
to  a limited  portion  of  the  chute  surface.  This  basis  is  supported  by  the 
analysis  of  the  RSI  005  ceramic  erosion  (see  subsection  3.g(2)). 

Under  RSI  conditions,  the  electron  cyclotron  radius  and  the  electron 
mean  free  path  are  of  approximately  the  same  order  of  magnitude  as  the  chute 
or  washer- to-washer  gap. 

d.  Test  Results:  Pulse  Testing 

(1)  Circuitry  Note 

The  RSI  thyratrons  were  tested  at  various  points  in  the  investiga- 
tion, both  with  or  without  a series  thyratron,  most  data  having  been  taken, 
where  feasible,  for  operation  of  the  RSI  as  a single  switching  element.  This 
operation  provides  cleaner  experimental  characterization  of  the  RSI  tube,  and, 
in  particular,  the  interaction  channel.  Tubes  with  multiple  section  inter- 
action channels  were  of  necessity  tested  with  a series  thyratron  to  provide 
voltage  holdoff  and  trigger  capability  for  parametric  studies. 

(2)  RSI  Voltage  Drop 

The  design  objective  of  the  RSI  development  was  to  limit  the  total 
tube  voltage  drop  to  350  volts.  The  principal  means  of  attaining  this  result 
was  expected  to  be  efficient  design  of  the  interaction  channel  structure 
toward  minimal  length  for  the  required  magnetic  switching  efficiency.  Cathode 
and  anode  section  voltage  drops  were  considered  necessarily  additive  upon  the 
interaction  channel  drop;  little  possible  improvement  was  expected  over 
conventional  anode  and  cathode  structural  designs. 

Interaction  channel  voltage  is  expected  to  be  linearly  propor- 
tional to  the  length  of  the  channel.  Measurements  in  the  RSI  003  and  400  D 
250  (Figure  49)  show  this  relation  to  hold  within  experimental  error. 

Dependence  of  voltage  drop  on  discharge  channel  diameter  is  expected 
-0  5 

to  vary  by  the  ratio  Ear  * over  the  range  of  pressure  and  diameter 
applicable  to  the  RSI  (see  section  4.a).  Voltage  drop  data  for  several  tubes 
are  plotted  in  Figure  50.  Considerable  scatter  is  apparent,  due  in  part  to 
inaccuracies  in  assessment  of  the  voltage  drop  division  between  the  Inter- 
action section  and  the  cathode  structure. 
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Full  dependence  of  the  interaction  channel  voltage  drop  upon 
channel  parameters  under  25-ampere  pulse  conditions  is  given  by  Breusova^ 
to  be  E = 16  (p/r)0-5  (section  4. a).  Figure  50  includes  a plot  of  this 
curve  at  p = 0.3  which  details  a moderate  agreement  with  experimental  data. 
Data  from  the  RSI  003,  however,  indicate  a relationship  closer  to  E a p+0.36 
(Figures  51  and  52). 

The  voltage  drop  in  chuted  wall  interaction  channels  was  expected 
to  be  somewhat  higher  than  that  for  uniform  channel  tubes  by  virtue  of  the 

increased  wall  surface  area  and  the  requirement  for  the  formation  of  plasma 

double  sheath  structures  at  interfacing  irregularities  in  the  discharge 
channel.  Roblnson^O)  has  demonstrated  that  positive  columns  devised  in 
channels  of  alternating  thin  and  wide  diameter  bore  segments  have  voltage 
drops  higher  than  channels  of  diameter  equal  to  the  smaller  diameter  of  the 

irregular  channel.  This  effect  was  not  seen  in  the  RSI  005  (Figure  50)  or 

the  RSI  10  tubes  tested  to  date,  where  discharge  channel  voltage  drops  are 
lower  than  expected. 

Voltage  drop  in  the  interaction  channel  decreases  as  a function 
of  increasing  current  (see  section  4. a).  This  effect  Is  particularly  seen 
during  fault  current  conduction,  where  tube  current  levels  are  considerably 
higher  than  during  pulse  operation.  The  drop  In  voltage  with  respect  to 
current  is  not  expected  to  be  important  In  the  pulse  current  conditions  under 
which  the  RSI  Is  designed  to  operate.  Interaction  channel  voltage  drop  in  the 
RSI  10E1  Is  approximately  300  volts  (Figure  53). 

Voltage  drop  between  anode  and  grid  can  represent  a substantial 
portion  of  the  total  tube  drop  In  the  RSI,  particularly  at  low  pressure. 
Figures  54  and  55  demonstrate  the  total  tube  drop  In  the  RSI  10A  and  the  RSI 
10E1  as  a function  of  epy  In  a conventional  grid  structure.  A total  tube  drop 
of  800  volts  at  p = 0.4  torr  Is  apparent,  of  which  50%  is  caused  by  the 
grid-grid  baffle-anode  region.  Reworking  of  the  anode-grid  structure  will  be 
necessary  to  reduce  this  portion  of  the  total  tube  voltage  drop.  Anode-grid 
voltage  drop  can  be  reducible  to  under  100  volts,  as  demonstrated  In  the  1951 
hydrogen  thyratron  study  (EGSG19). 


-87- 


0 0.04  0.08  0.12  0.16  0.20  0.24  0.28  0.32  0.36 

PRESSURE  (torr) 


The  use  of  a keep-alive  discharge  in  the  RSI  interaction  channel 
has  been  shown  in  the  RSI  003  to  have  no  effect  on  tube  voltage  drop,  irre- 
spective of  current  level  or  length  of  the  keep-alive  discharge  path. 

(3)  Pulse  Stability  and  Triggering 

Due  to  the  added  length  of  the  interaction  channel,  pulse  stabil- 
ity in  RSI  operation  is  not  as  good  as  that  of  normal  thyratron  operation, 
but  it  has  been  demonstrated  to  be  possible  to  hold  tube  jitter  to  under  5 
to  10  nsec  under  optimum  conditions.  Firing  delay  times  were  of  the  order  of 
1 ysec.  Operation  at  high  tube  voltage  and  relatively  high  tube  pressure 
improves  both  tube  jitter  and  delay. 

The  tubes  which  operated  most  satisfactorily  Included  the  400  D 
250,  the  RSI  003,  004,  7-2,  and  10  series.  Earlier  post-anode  design  tubes 
operated  with  difficulty;  the  380  D 250  had  high  voltage  drop,  poor  firing 
consistency,  high  tube  jitter,  and  extremely  poor  Atad  (5  - 25  ysec). 

Application  of  a high  impedance  keep-alive  discharge  to  the  RSI 

tubes  assists  in  reducing  firing  delays  and  somewhat  Improves  tube  jitter. 

RSI  003  firing  delay  is  reduced  from  0.8  - 1.9  ysec  to  0.45  - 1.6  ysec  by 
the  use  of  a keep-alive  discharge.  A keep-alive  current  of  a few  mill  1 amperes 
and  a keep-alive  voltage  of  2 - 10  kV  is  required. 

Some  difficulty  has  been  observed  in  stabilizing  the  keep-alive 
discharge  at  the  grid  structure.  This  is  presumably  due  to  interaction 
between  source  and  keep-alive  power  supply  systems  and  is  reducible. 

Tube  jitter  associated  with  RSI  triggering  has  been  observed  at 

the  nanosecond  level.  Increasing  at  low  pressure  and  source  voltage. 

The  RSI  devices  can  be  operated  in  two  modes,  either  with  a keep- 
alive discharge  through  the  high  voltage  holdoff  structure  (as  demonstrated  by 
Weiner^7)  or  with  a trigger  applied  to  the  RSI  grid.  Application  of  the 
keep-alive  through  the  interaction  section  requires  the  use  of  additional 
external  circuitry  to  assure  interruption  of  the  keep-alive  current  after 
fault  Interruption. 

Trigger  requirements  for  the  RSI  tubes  are  somewhat  high  due  to 

the  length  of  the  Interaction  channel,  particularly  at  low  pressure.  Figure 
56  demonstrates  the  trigger  voltage  requirement  for  the  RSI  7-3. 
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Figure  56.  Trigger  voltage  versus  tube  pressure  for  RSI  7-3. 


94 


Work  previously  reported  (TurnquistlS)  suggested  that  the  loca- 
tion of  the  grid-controlling  region  relative  to  the  interaction  region  had  an 
effect  on  the  stability  of  the  tube  during  normal  operation.  Present  work 
tends  to  confirm  that  location  of  the  interaction  region  between  the  high 
voltage  anode-grid  holdoff  region  and  the  cathode  decreases  triggering  delay 
and  instability. 


Placement  of  the  high  voltage  holdoff  region  between  the  inter- 
action section  and  the  cathoGe  has  the  disadvantages  of:  (1)  adding  an 
additional  baffled  transition  region  to  the  plasma  column;  (2)  constructing  an 
unnecessary  additional  cavity  for  the  plasma  discharge;  and  (3)  disturbing  the 
optimum  hold-off  section  geometry. 


Magnetic  Field  Energy  - RSI  Voltage  Drop  Relationship 


etd  Relationshii 


A relationship  basic  to  RSI  design  is  the  tradeoff  between  low 
magnetic  field  switching  energy  and  low  tube  voltage  drop.  The  requirement 
for  Bq  has  been  determined  empirically  to  be  Bq  = cq  £1  Ebb1*25  ib0*25  L-0*75 
H(p) , where 

cq  = reduction  factor  due  to  the  use  of  chuted  interaction  walls 
Cl  = reduction  factor  due  to  decrease  in  tube  radius  below 


0.1  inch 


H(p)  = correction  factor  for  pressure,  normalized  at  p = 0.3  torr 


An  exponent  of  -0.75  is  used  for  L on  the  consideration  that  a 
final  tube  design  will  require  a folded  channel  design  to  minimize  magnetic 
fringe  field  losses;  discharge  channel  folding  appears  to  result  in  m < 1 
(subsection  3.c(3)(c)). 

The  switching  magnetic  field  energy  is  determined  by 


1 f - - 1 2 1 2 2 2.5  0.5 

■ - J B • H dV  = Bq  V = eQ  e.  Ebb  ib 


-0.5  2 , 2 

L H ( p ) (r  + M e . 
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4., 


where 


6 = interaction  channel  wall  thickness 

e3  = correction  factor  for  increased  channel  volume 
required  by  use  of  a chuted  wall  surface 

The  tube  drop  is  given  by:  etd  = eg  + e2  L *16  (p/r)°‘5> 

where 

eo  = anode  and  cathode  voltage  drop  = eo(p) 

£2  = correction  for  increased  channel  voltage 
drop  due  to  chuted  wall  surface 

Setting: 

£0  = 0.4  (based  on  RSI  005,  RSI  10A  performance) 

£1  = 1 (assuming  no  improvement  of  Bq  at  low  r) 

H(p)=  1 (assuming  operation  near  p = 0.3  torr) 

Ebb  = 15  kV 

1b  = 300  amps 
6 = 0.25  cm 

£2  = 1 (based  on  RSI  005,  RSI  10A  results) 

£3=2  (assuming  a chute  depth  equal  to  2 (r  + 6). 

The  primary  relationships  become: 

£j  = 75.8  (r  + 0.25)2  L-0,5 

etd  - eQ  = 8.8  L r"0,5 

Eliminating  L as  a parameter  results  in 

4 

. 2 4 (r  + 0.25) 

etd  -eCj  = 5.06  x 10  

0 r 0.25 

where  it  is  apparent  that  (etd  - eQ)  and  cannot  be  mutually  minimized. 

Several  curves  of  U , L and  Bq  versus  (etd  - eQ)  and  r are  shown 
In  Figure  57.  A requirement  for  (etd  - eQ)  results  In  the  option  of  choosing 
small  L or  high  r.  Selection  toward  low  L reduces  but  increases  Bq,  which 
is  an  Important  parameter  if  the  use  of  a magnet  core  is  desired. 
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CHUTED  CHANNEL 


Figure  57.  Calculated  dependence  of  Bq,  and  L upon  the  parameter  e. 


Maximum  Bq  with  the  use  of  a core  Is  15  kG,  but  the  onset  of  saturation  occurs 
near  12  kG.  If  Bq  Is  Increased  beyond  these  limits,  5j  must  be  Increased 
by  a factor  of  two  to  four  to  Include  field  energy  losses  In  the  bulk  of  the 
air  core  magnetic  circuit. 

The  0.30  Inch  I.D.  RSI  10  tubes  aim  toward  the  (etd  - eQ)  * 240- 
volt  point  at  L = 15  cm,  Bq  = 6 kG,  53  = 6 joules.  An  extrapolation  of  RSI 
10A  data  Indicates  an  experimental  value  of  Bq  * 7 kG  at  Ebb  3 15  kV,  although 
eg  Increases  at  higher  current  levels. 

Contract  specifications  aim  toward  an  Interrupting  field  energy 
of  50  joules  per  pulse;  extrapolated  RSI  10A  switching  field  energy  Is  well 
below  this  requirement  at  16  joules.  These  values,  however,  correspond  to 
considerably  higher  energy  In  capacitor  storage  (up  to  400  joules  In  the 
present  experimental  setup).  This  value  can  be  reduced  by  a 50%  reduction  In 
air  gap  volume,  a reduction  In  core  size,  and  more  efficient  field  energy 
switching  techniques.  At  present  most  of  the  capacitor  energy  Is  lost  In 
resistive  dissipation. 

Experimental  curves  of  £j  and  Bq  versus  etd  are  shown  In  Figures 
58  and  59  for  unchuted-wall  RSI  tubes. 

(2)  Hydrogen  versus  Deuterium  Gas  Fill 

In  1969,  L.M.  Breusova^)  reported  a study  comparing  the  voltage 
drops  of  hydrogen  and  deuterium  In  the  positive  column  of  a gas  discharge.  He 
found  that  the  voltage  drop  was  a strong  function  of  the  choice  of  gas,  the 
tube  pressure,  and  the  discharge  current,  as  well  as  the  choice  of  operation 
In  DC  or  pulsed  mode  (Figures  60a  - 60d).  This  work  was  done  with  a 30-ysec 
pulse  length  In  an  18.5-mm  diameter  discharge  tube.  A comparison  of  his 
results  with  those  of  this  study  can  be  made  by  plotting  E/p  versus  rp,  as  In 
Figure  60d. 

The  results  of  this  study  agree  well  with  his.  The  RSI  003  volt- 
age drop  values  can  be  considered  more  reliable  than  those  of  the  RSI  001 
since  they  result  from  measurements  In  a discharge  channel  of  varying  length. 
The  disparity  between  RSI  data  and  that  of  Brown<3)  as  shown  In  Figure  61  Is 
resolved  as  a matter  of  different  current  densities  In  the  plasma  discharge. 
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Figure  58.  Quenching  field  strength  versus  tube  voltage  drop  for  several  tubes. 
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Figure  60.  Voltage  drop  versus  current  and  pressure:  comparison  of  results 
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Figure  61.  Comparison  of  present  and  previous  tube  voltage  drops  (experl 
mental  and  theoretical). 
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The  results  of  the  Breusova  study  suggest  that  deuterium  or  a 
still  heavier  gas  might  prove  valuable  for  use  In  RSI  tubes,  since  the  tube 
drop  appears  to  diminish  somewhat  as  the  reciprocal  of  the  square  root  of  the 
Ion  mass.  However,  problems  arise  with  magnetic  Interruption  In  heavier 
gases,  since  the  heavier  gases  have  a greater  Inertial  resistance  of  the 
positive  Ions  to  the  magnetic- field- Induced  transverse  diffusion,  thereby 
slowing  plasma  movement  to  the  plasma  wall  surface.  To  determine  the  effects 
of  deuterium  on  current  Interruption,  the  RSI  004  was  filled  with  deuterium 
and  tested,  with  the  results  shown  In  Figure  21.  Values  of  the  ratio  of 
Interrupting  field  In  deuterium  to  that  In  hydrogren  [Bq(D2)/Bq(H2)]  for 
various  voltage  and  current  levels  are  shown  In  Figure  62.  The  average  of 
these  values  Is  1.67 

A second  set  of  data  points  Is  Included  In  Figure  62  which  repre- 
sent the  ratio  of  Interruption  In  the  deuterium-filled  400  D 250  to  that  of 
Interruption  In  the  hydrogen-filled  RSI  003.  The  tube  pressures  under  test 
were  slightly  different  (RSI  003:  p = 0.25  torr;  400  D 250:  p = 0.33  torr), 
but  this  has  been  compensated  for  by  the  use  of  a multiplying  factor  of  0.9 
against  the  Bq  ratio.  The  difference  In  tube  I.D.  (RSI  003:  0.375  Inch;  400 

D 250:  0.250  Inch)  Is  not  compensated,  considering  the  results  of  subsection 

3.c(3)(d).  The  ratios  shown  average  1.62. 

The  voltage  drop  advantage  of  deuterium  over  hydrogen  In  the 

positive  column  was  determined  by  Breusova  to  be  a reduction  of  approximately 

1/1.4.  Results  from  our  tests  Indicated  a ratio  of  about  1/1.5.  To  achieve 

the  same  tube  drop,  then,  a hydrogen  tube  could  be  lengthened  by  a factor  of 

about  1.5  when  filled  Instead  with  deuterium.  Using  previous  results,  that 
-0  75 

Bq  « L * , the  ratio  of  quenching  fields  of  deuterium  to  hydrogen  would 

equal  approximately  1. 67/(1. 5'0,75).  The  magnetic  field  energy,  propor- 
tional to  Bq2L,  would  give  a ratio  for  the  two  tubes  of  (1.35)2  1.5  * 2.3. 
Therefore,  the  use  of  deuterium  offers  no  advantage  to  the  RSI  applica- 
tion, since  the  reduced  tube  drop  Is  counter-balanced  by  an  Increased  switch- 
ing energy  requirement.  Deuterium  filling  would  be  advised  only  In 
applications  where  tube  voltage  drop  was  of  paramount  Importance. 
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Figure  62.  Interrupting  magnetic  field  In  deuterium  versus  hydrogen  as  a 
function  of  Ebb,  1b  for  RSI  004,  and  for  400  D 250/RSI  003. 


Hydrogen  Is  thus  the  gas  of  choice  for  the  RSI  application.  Heavier 
gases  or  metal  vapors  are  expected  to  detract  from  current  interruption 
capability.  Low  concentration  Impurities  in  the  discharge  may  for  the  same 
reason  Impair  current  Interrupting  capability. 

f . Test  Results:  Image  Converter  and  Spectrometer  Studies 

(1)  Optical  Instrumentation  for  Tube  RSI  004 

Two  experimental  arrangements  used  In  the  optical  studies  are 

jk  jk 

shown  In  Figure  63.  Since  the  IXB  force  on  the  plasma  is  perpendicular  to  the 
magnetic  field,  observation  of  the  motion  of  the  plasma  during  current  Interrup- 
tion must  be  made  In  a direction  parallel  to  the  magnetic  field.  To  do  this, 
while  retaining  the  tube  position  In  the  field,  the  arrangement  shown  in 
Figure  63a  was  used.  In  this  configuration,  the  tube  Is  subject  to  a non- 
homogeneous  fringe  field  somewhat  weaker  than  that  within  the  core  gap,  and  at 
an  angle  to  It.  However,  transverse  plasma  motion,  although  somewhat  ob- 
scured, would  still  be  expected  to  be  visible.  A reference  grid  was  placed 
In  front  of  the  tube  and  a mirror  was  used  to  reflect  the  light  path  for  the 
convenience  of  the  experimental  arrangement. 

Spectroscopic  measurements  were  made  with  direct  tube  observation, 
as  shown  In  Figure  63b.  Noise  from  firing  the  RSI  and  the  magnet  had  an 
effect  on  experimental  measurements.  Including  a noticeable  shift  of  the  beam 
within  the  Image  converter  tube.  These  errors  were  separated  from  the  data 
presented  In  this  report. 

(2)  Image  Converter  Observations 

An  Image  converter  containing  a Mullard  ME-1202  AA  tube  was  ob- 
tained for  optical  use.  The  Image  converter  trigger  circuit  Is  shown  In 
Figure  64.  An  adjustable  pulse  width  PFN  Is  discharged  by  a KN-6B  krytron 
through  a transformer  to  provide  an  enabling  6-kV  pulse  to  the  Image  converter 
grid.  The  krytron  Is  triggered  from  a second  delay  unit,  after  the  magnet 
time  delay,  so  that  the  Image  converter  Is  gated  for  observations  of  short 
periods  of  the  RSI  discharge  Interruption  time. 

It  was  observed,  with  the  RSI  004,  that  the  plasma  discharge  nar- 
rowed and  was  directed  toward  one  side  of  the  discharge  channel  during  appli- 
cation of  the  magnetic  field.  Examination  of  field  directions  Indicated  that 
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Figure  63.  Optical  arrangement  for  observing  RSI  004. 
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the  plasma  acted  as  it  should  for  IXB  behavior.  Figure  65  shows  some  examples 
of  the  motion  of  the  plasma  column,  where  the  light  intensity  is  seen  to 
follow  the  boundary  of  the  interaction  tube  wall.  The  sketches  were  made 
directly  from  photographic  observations. 

Other  photographs  showed  that  as  the  discharge  was  interrupted, 
the  plasma  column  became  progressively  narrower  as  a function  of  time.  As 
would  be  expected,  the  light  output  from  the  tube  diminished  to  nothing  at 
nearly  the  same  time  (within  experimental  error)  that  the  tube  current  went  to 
zero. 

When  the  applied  magnetic  field  was  slightly  less  than  the  inter- 
rupting field,  it  was  observed,  at  high  Ebb,  that  a relatively  sudden  change 
to  a straight,  intense,  constricted  discharge  occurred  1 microsecond  or  so 
after  the  peak  of  the  magnetic  field.  It  is  not  apparent  whether  this  repre- 
sents a transition  from  glow  to  arc  mode  or  whether  it  is  a phenomenon  asso- 
ciated with  field  constriction.  Reduction  of  plasma  channel  diameter,  by  the 
application  of  a transverse  magnetic  field.  Is  a real  possibility  being 
explored  theoretically  at  present.  Other  studies  show  that  a positive  column 
contraction  can  be  determined  to  be  a result  of  high  plasma  temperature 
gradients,  density  gradients,  a shortage  of  high  speed  electrons,  or  the 
presence  of  electronegative  gaseous  Impurities  (in  this  case,  oxygen).  All 
these  factors  are  present  In  the  RSI  004,  and  may  play  a part  in  the  observed 
constriction. 

Further  attempts  were  made  to  study  the  more  short-lived  behavior 
of  the  plasma  column,  by  the  use  of  a shorter  image  converter  enabling  pulses 
of  1-  and  0.25-mlcrosecond  durations.  Mo  evidence  of  any  unusual  short-time 
plasma  behavior  was  seen  from  these  photographs.  The  0.25-mlcrosecond  pulse 
width  represented  the  limit  of  useful  image  converter  operation. 

(3)  Spectrometer  Studies 

Two  spectrometer  systems  used  during  this  period  were  an  EG4G 
Model  585  Spec tro radiometer  System,  with  a 10-nanometer  bandpass  monochro- 
mator, and  a Jarrel 1-Ash  0.5-meter  Ebert  Scanning  Monochromator.  These  were 
used  In  conjunction  with  EG4G  detector  heads  or  with  an  S-l  photomultiplier 
tube.  Two  somewhat  different  modes  of  operation  were  used:  for  the  high 
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Figure  65.  RSI  004  light  intensity  and  current  and  magnetic  field  wave 
forms  during  magnetic  field  interaction. 


intensity  hydrogen  and  impurity  wavelengths,  the  voltage  from  the  photomulti- 
plier was  observed  directly  on  an  oscilloscope;  for  weak  lines,  the  photomul- 
tiplier was  linked  to  a long  RC  constant  integrating  circuit,  which  resulted 
in  information  concerning  relative  line  intensities,  but  little  information 
concerning  the  actual  shape  of  the  waveform. 

Pronounced  line  wavelengths  observed  in  this  study  were  identified 
as:  (1)  members  of  the  hydrogen  Balmer  series  (Ha,  Hb,  Hy,  and  H6 ) ; (2)  the 

sodium  589.0,  589.6  doublet;  (3)  the  777.1,  777.4,  777.5  nm  oxygen  triplet; 
(4)  many  lines  of  the  molecular  hydrogen  spectrum;  and  (5)  impurity  lines. 
The  latter  two  categories  evidenced  only  weak  wavelength  intensities.  The 
sodium  and  oxygen  were  presumed  to  arise  from  components  of  the  pyrex  inter- 
action tube  wall . 

The  bulk  of  the  light  intensity  from  the  RSI  tube  is,  as  expected, 
from  the  hydrogen  lines,  in  the  order  of  Ha,  HB,  and  Hy.  Figure  66  illus- 
trates some  of  the  waveforms  of  hydrogen  for  the  RSI  004  (with  different  time 
scales).  Figure  66a  shows  the  short-term  waveform  during  interruption  and 
near  interruption  of  the  fault  discharge.  The  output  light  intensity  is  seen 
to  diminish  to  zero  near  the  time  that  the  discharge  is  interrupted  - the 
delay  shown  may  or  may  not  be  the  real  plasma  deionization  delay.  It  is 
significant  to  note  the  near  doubling  of  light  output  from  the  discharge 
during  the  period  in  which  the  magnetic  field  is  applied.  Figures  66b  and  66c 
show  longer  time  scales  of  similar  tests.  The  ringing  seen  in  Figure  66b  is 
due  to  ringing  of  the  magnetic  field  (caused  by  small  Rm  for  a high  peak 
field).  The  ringing  of  the  light  intensity  and  the  negative  of  the  tube 
current  follow  the  general  shape  of  the  applied  magnetic  field.  Figure  66b 
reflects  the  total  light  output  from  the  RSI  (without  the  use  of  a mono- 
chromator) . 

Figure  66c  shows  the  light  intensity  of  the  discharge  over  the 
entire  period  of  the  fault  pulse.  The  intensity  is  nearly  uniform  for  the 
body  of  the  pulse,  despite  declining  tube  current. 

Figure  67  shows  the  waveforms  of  light  output  for  the  sodium  and 
oxygen  lines.  Both  the  sodium  and  oxygen  lines  first  appear  after  application 
of  the  magnetic  field.  The  sodium  lines  persist  considerably  longer  than  the 
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Figure  66.  Hydrogen  light  intensity  during  fault  conduction  - RSI  004. 
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oxygen  lines,  which  appear  to  diminish  to  zero  shortly  after  ringing  of  the 
magnetic  field  ceases.  These  lines  arise  from  neutral  sodium  and  oxygen 
atoms,  which  suggests  that  wall  heating  may  cause  the  presence  of  the  sodium 
line.  Oxygen  contamination  of  the  plasma  Is  a possibility,  although  decay  of 
the  oxygen  line  intensity  during  the  fault  pulse  suggests  otherwise. 

Another  test  showed  that  the  Intensities  of  the  sodium  and  oxygen 
lines  were  stronger  by  factors  of  150  and  15,  respectively,  when  the  quenching 
field  was  applied  (compared  with  a zero  field  condition),  while  the  Intensity 
of  the  major  hydrogen  lines  integrated  over  the  entire  pulse  changed  rela- 
tively little.  It  could  be  concluded  that  the  plasma-wall  Interaction  Is 
responsible  for  the  Introduction  of  the  sodium  and  oxygen  lines  to  the  light 
output  from  the  plasma. 

Weaker  lines  were  observed  with  the  Jarrel-Ash  monochromator,  many 
of  which  were  attributable  to  the  complex  molecular  hydrogen  spectrum.  A 
345.3-nanometer  line  was  also  seen,  which  Is  likely  due  to  cobalt  (345.4) 
which  arises  from  the  Kovar  alloy  (17.5%  cobalt)  used  to  seal  the  ends  of  the 
glass  Interaction  tube.  Visual  examination  of  the  tube  after  operation  showed 
that  this  seal  did  undergo  some  slight  melting  at  the  point  of  plasma  Inter- 
action. 

g.  Interaction  Channel  Wall  Damage 

(1)  Energy  Dissipation  at  the  Channel  Wall 

Considerable  power  Is  generated  In  the  RSI  Interaction  channel 

during  current  Interruption.  Peak  power  Is  generated  midway  through  the 

Interruption  process,  at  a rate,  Pm  . equal  to  1/2  Ebb  • 1/2  1b,  which 

max 

equals  1125  kilowatts  at  Ebb  - 15  kV,  1b  * 300  amperes.  It  Is  Important  to 
minimize  the  time  duration  of  this  dissipation. 

Average  power  dissipation  during  Interruption  occurs  at  a rate  of 
less  than  1/2  Pmax»  dependent  upon  the  specific  voltage  and  current  wave- 
forms. For  P ■ 0.4  Pujx  * 0.1  Ebb  1b,  the  energy  transferred  to  the  channel 
walls,  ew,  Is  0.1  Ebb  IbAt  ■ 450  X 103At.  An  Interruption  time  of  10  psec 
results  In  an  energy  dissipation  of  4.5  joules  at  the  wall  surface. 
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Waveforms  of  epy,  1 RSI , and  P during  an  interruption  and  an  Incom- 
plete Interruption  are  shown  In  Figure  68.  Energy  dissipation  to  the  channel 
wall  in  the  uninterrupted  pulse  Is  seen  to  be  three  times  the  dissipation 
during  the  Interrupted  pulse. 

The  temperature  rise  of  the  wall  surface  can  be  calculated  from 


. 2 
4T(C)=V 


F 

0 


where  X = wall  thermal  conductivity;  a = wall  heat  capacity;  F0  = Incident 
power  density  = P/A;  A = wall  surface  area.  For  alumina  ceramic,  X = 0.25 
j/cm  • sec  • °K,  and  o = 1.8  j/cm"*  • °K.  This  results  in: 


i — P I Ebb  1b 

AT=0.95JAt-  S o.l  yAt  — . 

At  AT  = 1000°C  maximum,  at  Ebb  = 15  kV,  1b  = 300  amps:  A = 450  ( At ) ® ^ (cm2). 

A 10-  usee  Interruption  time,  therefore,  requires  that  the  dissipating  wall 

2 

surface  area  equal  1.4  cm  . 

The  eroded  surface  of  the  RSI  005  was  localized  at  a strip  along 

the  central  channel  (see  subsection  3.g(2) ) . The  total  surface  area  along 

2 

this  line  equals  approximately  0.7  cm  . This  tube  was  tested  at  an  average 
Ebb  = 8.5  kV,  which  corresponds  to  a surface  temperature  rise  of  1900°C, 
which  explains  the  extent  of  the  damage  noted  (subsection  3.g( 2 ) ) . The  maximum 
working  temperature  of  alumina  ceramic  Is  1600°C. 

The  dissipation  surface  area  of  the  RSI  10  series  Is  calculated 

0 ft 

to  be  1.5  cm  , which  corresponds  to  a 900°C  local  temperature  Increase.  At 
At  = 20  psec,  AT  * 1270°C. 

(2)  Channel  Wall  Damage  Assessment 

RSI  thyratrons  tested  were  subject  to  damage  to  the  Interaction 
channel  wall  In  varying  degrees  of  severity.  The  glass  channel  RSI  004  and 
the  chuted  RSI  005  suffered  the  greatest  degree  of  damage;  the  RSI  003  was 
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relatively  undamaged.  The  cause  for  this  disparity  is  due  to  the  relative 
temperature  tolerance  of  the  wall  material  and  the  degree  of  localization 
of  energy  dissipation. 

The  RSI  004  was  severely  etched  along  the  length  of  the  Inter- 
action channel  where  the  discharge  had  been  driven  against  the  wall.  Rotation 
of  the  tube  during  Interruption  testing  to  provide  fresh  wall  surfaces  for 
exposure  during  Interruption,  allowed  a conclusion  to  be  drawn  concerning  the 
nature  of  the  erosion  process.  Initial  erosion  occurs  In  the  form  of  a 
discharge  track  approximately  1-mllllmeter  wide  with  a clear  center  and 
parallel  darker  borders.  It  Is  expected  that  this  damage  is  caused  by  a 
constriction  of  the  discharge  along  that  channel  wall.  After  a greater  period 
of  testing,  a thin  (0.1  mm)  crack  appears  along  the  center  of  this  track. 
This  crack  may  to  be  due  to  temperature  stresses,  since  similar  perpen- 
dicular cracks  appear  radiating  from  the  center  line  about  the  channel  axis 
for  a short  distance.  After  further  testing,  arcing  is  visible  along  the 
channel  axis,  and  arc  tracks  appear  In  the  central  portion  of  the  eroded 
zone.  This  arcing  is  thought  to  follow  the  path  of  the  Initial  crack  but 
afterwards  proceeds  to  branch.  It  should  be  noted  that  even  during  the  period 
of  time  In  which  the  tube  is  operating  with  some  degree  of  arc  occurrence, 
current  Interruption  does  not  appear  to  be  affected  since  Bq  levels  appear  to 
be  about  the  same. 

The  eroded  track  Is  somewhat  wider  at  the  points  of  entrance  Into 
the  magnetic  field,  broadening  from  2 to  3 mm.  This  is  presumably  caused  by  a 
shift  from  a diffuse  discharge  to  a constricted  discharge,  with  the  short 
length  of  Interaction  channel  over  which  this  occurs  corresponding  to  the 
length  required  for  bending  of  the  discharge  column. 

Tube  RSI  005,  shown  In  cross-section  In  Figure  5,  has  an  Inter- 
action region  composed  of  a glass  tube  envelope  within  which  are  stacked  a 
series  of  ceramic  washers  of  alternating  large  and  small  Internal  diameter 
base,  In  an  attempt  to  modulate  the  Interaction  wall  surface.  As  reported 
earlier,  RSI  005  arced  consistently  at  fairly  low  voltages  between  the  glass 
envelope  and  the  ceramic  washers.  An  attempt  to  alleviate  this  problem  by 
shrinking  the  glass  onto  a portion  of  the  ceramic  washer  surface  was  not 
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successful,  because  the  glass  fractured  due  to  the  difference  In  thermal 
expansion  rates  between  glass  and  ceramic.  Repair  of  the  tube  was  not  con- 
sidered worthwhile,  and  an  examination  was  made  of  the  damage  sustained  by  the 
ceramic  washers. 

Most  of  the  damage  to  the  ceramic  occurred  on  the  side  of  the 
washers  facing  the  cathode,  suggesting  that  erosion  was  caused  by  electron 
bombardment  of  the  surface.  The  length  of  apparent  plasma  penetration  Into 
the  washer-to-washer  gap  Is  also  significant,  since  the  1 - 1.5  millimeter 
penetration  depth  (as  determined  from  the  extent  of  surface  damage)  into  the 
plasma  chute  Indicates  an  Increase  In  the  total  discharge  length  by  a maximum 
factor  of  only  1.7,  as  shown  In  Figure  69.  The  mechanism  of  Improvement  of 
tube  Interruption  probably  stems,  therefore,  from  direct  electron  surface 
energy  losses  rather  than  from  a radical  bending  and  folding  of  a narrowed 
discharge  colunn. 

Also  apparent  from  a visual  observation  of  the  washers  was  a 
difference  In  the  degree  of  erosion  depending  upon  the  position  of  the  washer 
In  the  Interaction  tube.  Washers  near  the  cathode  end  suffered  a greater 
amount  of  "burning"  than  those  near  the  anode  end.  In  addition,  the  erosion 
near  the  cathode  end  was  more  diffuse,  from  one  to  several  millimeters  wide, 
whereas  the  anode  end  washers  revealed  "burning"  to  but  1 millimeter  In 
width.  Possible  explanations  for  this  behavior  Include  longitudinal  plasma 
density  gradients,  a nonlinear  electric  field  distribution,  a gas  pressure 
gradient,  high  energy  electron  beaming,  or  a shift  from  a diffuse  to  a con- 
stricted discharge  caused  by  Interaction  with  the  washer  edges. 

The  ceramic  washers  removed  from  the  tube  were  eroded  radially 
for  approximately  1 mm  from  the  central  plasma  bore.  In  the  expected  IXB 
direction  of  magnetic  force.  An  SEM  (Scanning  Electron-Microprobe)  X-ray 
analysis  was  performed  on  the  eroded  surface  (Figures  70  and  71),  looking 
particularly  for  possible  electrode  metal  contamination.  The  analytical 
report  Indicated  weak  concentrations  of  Fe,  Ml,  Ta,  and  Mn  In  only  a small 
portion  of  surface  area.  Most  of  the  surface  damage  appears  to  have  been 
caused  by  wall  heating  by  the  hydrogen  plasma. 


-117- 


ANODE 


I 

I 

P 

N 

I 

I 

E 

1 


CLASS  ENVELOPE 

/ 

listsK 


CERAMIC  RING 


CERAMIC 
' WASHER ' 


• * * * • 

. •.  * \ * . •»,  *.«  r 

• • • < 

v ••  v'.  *%•••• 

* **•*  .*  *•••  * »**J 

* • *,*.*;V.i* 

. • •••  •. . 

* . » •••  .*  ». 

• 

*.•  < ••  \ S *.  * 

v 

1 •*  • 

• . , ’ 

■ ■ ■ ■ ///'/^/ 

il 

DISCHARGE 

CHANNEL 


HYPOTHETICAL  ' 

ELECTRON  STREAMING 
DURING  HIGH  E FIELD 
PORTION  OF  INTERRUPTION 


HYPOTHETICAL 
PLASMA  COLUMN  POSITION 
DURING  MAGNETIC 
FIELD  INTERACTION 


V: 


:•* -■  :.v 


O.l  INCH 


SCALE 


AREA  OF 
SURFACE 
EROSION 


CATHODE 


£ 


AREA  OF 
. GREATEST 
’ CERAMIC 
DAMAGE 


Figure  69.  RSI  005  during  magnetic  field  Interaction 


(a)  Undamaged  ceramic 


Af*«iA 


(b)  Eroded  surface  (expanded  scale) 

Figure  71.  SEM  analysis  of  RSI  005  ceramic  washer  surface. 


The  analysis  was  made  In  the  magnesium  to  uranium  mass  range, 
using  Ortec  spectrum  X-ray  fluorescence  detector  equipment. 

The  concern  that  large  amounts  of  metal  vapor  might  contaminate 
the  plasma  was  unsubstantiated,  probably  due  to  the  distance  between  the 
Interaction  region  of  high  magnetic  field  strength  and  the  glass-metal  seals. 

The  RSI  005  was  tested  at  an  average  voltage  of  8 kV,  at  an  aver- 
age current  of  160  amp.  A power  dissipation  calculation  can  be  made,  util- 
izing the  assumptions  of:  an  average  10  usee  interruption  time,  an  average 
penetration  depth  of  1 mm  Into  the  washer-to-washer  gap,  and  an  average 
discharge  column  width  during  interruption  at  the  ceramic  surfaces  of  1 mm. 
The  result  Indicates  an  average  short  time  scale  wall  surface  heating  of 
about  900°C,  which  suggests  that  ceramic  erosion  could  be  occurring  during 
the  higher  power  testing  phase.  At  the  peak  power  level.  Ebb  = 7.5  kV, 
1b  = 375  amp,  and  the  calculated  surface  temperature  is  approximately 
2000°C. 

A damage  assessment  of  the  RSI  7-2  reveals  some  Information  re- 
garding the  Incapability  of  the  magnetic  field  to  displace  the  discharge 
column  against  a high  sustaining  electric  field.  During  Interruption,  the 
plasma  column  does  not  follow  the  curvature  of  the  wall,  but  shortens  Its  path 
as  shown  In  Figure  72.  These  conclusions  are  drawn  from  the  location  of  wall 
damage  to  the  glass  channel.  Heaviest  plasma  tracking  Is  observed  at  points 
A,  C,  E,  G,  and  I,  and  these  points  display  a wider  plasma  channel  tracking. 
Point  A displays  the  heaviest  damage  and  some  narrow  branched  tracking  which 
could  be  caused  by  local  arcing.  Point  B does  not  present  obvious  evidence  of 
arc  damage,  but  rather  a somewhat  wider  (0.5  mm)  and  more  uniform  track  mark. 
The  turn-edged  damage  of  differing  width  Is  probably  due  to  a constricted 
discharge  pressed  against  the  Interaction  wall  to  a greater  degree  at  points 
A,  C,  E,  G,  and  I than  at  B,  D,  F,  and  H,  flattening  It  a;id  causing  Increased 
wall  heating  at  the  former  points.  The  hotter  central  portion  of  the  dis- 
charge presumably  serves  to  "clean"  the  wall  at  that  point,  causing  a two- 
sided  outline. 
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Figure  72.  RSI  7-2  damage  survey. 
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4.0  COURSE  OF  THE  INVESTIGATION:  THEORETICAL  ANALYSIS 

a.  Voltage  Drop  in  a Positive  Column 

A theory  for  voltage  drop  In  the  positive  column  of  a gas  discharge  was 
developed  by  Von  Engel  and  SteenbeckdG)  and  reported  In  Brown^).  a rela- 
tionship for  the  average  electron  energy,  u,  Is  determined  as  a function  of 
pr  by  balancing  gas  ionization  and  ambl polar  diffusion  losses  to  the  channel 
walls  for  a Maxwellian  electron  velocity  distribution.  The  electric  field 
required  to  support  the  discharge  Is  determined  by  the  use  of  f = fraction  of 

energy  lost  by  an  electron  in  a neutral  particle  collision  to  be  E = 1.41 
0 5 - -1 

f u 1 where  1 = electron  mean  free  path.  The  result  Is  plotted  In 
Figure  61  as  E/p  versus  rp. 

L.N.  Breusova^ ) reports  corrections  to  the  potential  gradient  which  are 
current  and  time  dependent,  and  which  are  explained  as  being  caused  by 
resistive  gas  heating.  His  data  are  shown  in  Figures  60a-60c,  which  indicate 
a relationship  similar  to  Ea(p/r)®'5. 

A comparison  with  RSI  tube  drop  measurements,  shown  In  Figure  60d,  shows 
that  agreement  Is  good  despite  the  compensated  difference  In  channel  diameters 
and  pressure  range. 

b.  Plasma  Discharge  In  a Transverse  Magnetic  Field 

When  a strong  magnetic  field  Is  applied  transverse  to  a plasma  discharge, 
several  physical  processes  take  place  which  contribute  to  the  eventual  Inter- 
ruption of  the  discharge: 

1.  plasma  energy  is  lost  to  the  channel  wall  by  electron  and  Ion 
bombardment; 

2.  plasma  particle  loss  Is  greatly  Increased  by  recombination  at  the 
wall  surface; 

3.  the  wall  structure  Is  heated.  Increasing  outgasslng  and  secondary 
electron  emission;  and 

4.  plasma  density  Is  effected  by  a reduction  In  discharge  volume  and  a 
consequent  reduction  In  gas  available  for  Ionization. 
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Statements  equivalent  to  the  first  statement  above  are: 

5.  the  plasma  resistance  is  increased  according  to  the  equation: 


e 


6.  the  plasma-column-sustaining  electric  field  is  Increased  by  a 
constriction  of  the  effective  discharge  radius. 

A theoretical  study  was  made  of  the  properties  of  the  plasma  column  in  a 
transverse  magnetic  field.  A rectangular  cross-section  discharge  column  is 
used,  with  coordinates  and  field  directions  as  shown  in  Figure  73.  MKS  units 
are  used  throughout.  The  following  assumptions  are  made: 

1.  the  plasma  is  a weakly  ionized  hydrogen  plasma  with  electron  tem- 
perature less  than  5 eV; 

2.  all  parameters  are  independent  of  the  longitudinal  direction 


3.  the  risetime  of  the  magnetic  field  is  sufficiently  slow,  compared 
with  plasma  time  constants,  so  that  the  plasma  can  be  considered  to 

3 

be  in  a steady  state  ( — * 0); 

3t 

4.  lower-order  electron  and  ion  temperature  gradient  and  mass  terms  are 
neglected;  and 

5.  charge  neutrality  (n^  = ng)  exists  throughout  the  plasma. 


-124- 


Then,  solution  of  the  momentum  conservation  equations: 
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yields,  for  the  current  density  J * nge  (V^  - Vg): 
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Let 


n0)  = ionization  rate  per  electron. 


In  the  steady  state: 


V • J = 0; 


V * (ne  Ve)  = ng  fi. 

These  two  equations  provide  solutions  for  the  two  unknowns  ng  (x,  y),  E(x,  y), 
with  the  boundary  conditions  at  the  walls: 


J * 0; 


ne  * 0. 
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An  analytical  solution  to  the  above  equations  Is  not  attainable,  which 

suggests  further  simplification.  For  both  B * 0 and  B very  large,  the  above 

equations  require  that  J = J = 0.  Furthermore,  J , J are  not  zero  only 

^ ^ y 

when  circulatory  currents  develop  In  the  transverse  direction  In  the  plasma. 
Because  the  principal  electrically  and  magnetically  Induced  plasma  motion 
occurs  In  the  longitudinal  planes,  any  transverse  circulatory  current  must  be 
necessarily  second-order,  and  can  be  neglected.  This  Is  particularly  appro- 
priate since  the  plasma  time  constants  are  short  compared  to  the  B time,  and 
since  this  represents  the  steady  state  assumption  previously  made. 

Setting  J = J = 0,  therefore,  yields  equations  for  E and  E as  func- 
* y * y 

tlons  of  ng  and  E2.  From  these,  a solution  for  Jz  can  be  determined: 
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as  well  as  for  the  transverse  electron  velocities.  These  velocities,  substl- 
tuted  Into  the  equation  v*  (nfi  Vg)  * f^  ng  yield: 
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Assuming  that  the  y dependence  for  n Is  proportional  to  s1n^~  yj  yields: 


3 n dn 

e e 

+ a + Bn  =0 

2 3x  e 

3x 


where 


a = (y  + y ) B 


el  k(T  + T ) z 
e 1 


3 = 


P + P.  2 
e e 1 ir 


1k,VV  Vi  l2j 

y 


(1  + y y B ) 
e 1 


This  result  contains  the  assumption  that 


V1  1 
“ *“  A2  ’ 


or  that  the  electron  Ionization  be  greater  than  the  electron  diffusion  loss. 
Boundary  conditions  of  the  form  n (0)  = n (L  ) * 0 define  the  solutions 

v C A 

to  the  differential  equation  In  nfi.  For  ng(0)  * 0,  and  for 
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B - — < 0. 
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JL 


the  solution  for  nft  Is  a hyperbolic  sine  function  which  cannot  meet  the 

2 

second  boundary  condition.  Therefore,  for  B < — — , no  discharge  can  exist, 
and  4 

e . al>  o 

4 

represents  the  breakdown  condition  for  the  plasma,  and  the  solution  for  n Is: 

e 


n = n e 
e eo 


and  the  electron  Ionization  condition  must  accept  the  scale  length  Aeff  = 1. 
Applying  the  boundary  condition  gives  a 
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where  the  electron  density  profile  appears  as  In  Figure  74,  and  the  electron 
density  maximum  occurs  at 
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The  peak  electron  density  and  average  electron  density  are  readily 
determined,  and  are  seen  to  reduce  to  the  standard  positive  column  for 
B * 0. 

Integrating  Jz  over  the  cross-section  gives  the  total  current: 
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A final  examination  of  energy  balance  in  the  plasma  yields  the  equation: 
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As  long  as  the  last  term  In  the  brackets  Is  small,  a simple  expression  Is 
derived  for  = Te  (E2).  Should  this  not  be  the  case,  the  calculations 
must  be  repeated.  Including  VTfi  terms. 

The  foregoing  theory  has  been  further  considered  to  compare  Its  results 
with  the  available  experimental  data. 

For  our  conditions,  the  reduced  discharge  radius,  x*,  can  be  approximated 
with  the  use  of 


for  aLx  » I. 
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To  determine  the  predicted  Interrupting  field,  the  voltage  drop  In  a 
channel  of  radius  x*  should  be  made  equivalent  to  the  applied  electric 
field;  that  Is,  the  magnetic  field  should  be  seen  as  a mechanism  of  con- 
stricting the  plasma  column,  and  thereby  Increasing  the  electric  field  In  the 
plasma  to  the  point  at  which  the  electric  potential  can  no  longer  support  the 
discharge  energy  losses. 

Data  for  E/p  versus  rp  at  very  low  rp,  however,  are  not  available,  and  it 
becomes  necessary  to  extrapolate  from  data  four  orders  of  magnitude  higher,  as 
shown  In  Figure  75. 
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Experimental  data  at  0.1  < rp  < 10  suggest  that  = 16  (rp)"0,5,  under 
20-amp  pulsed  discharge  conditions.  An  extrapolation  of  this  formula  to  300- 
amp  pulses  can  be  made  from  Figure  60a  data,  suggesting  that  - 12  (rp)"0*5, 
or  that 

Since  x*  = r,  we  find  that  at  B = Bq: 

3 _3 

0.14  T 2 2 T 2 E 

Bq  = I * ~~  ~ 0.001  (Kgauss,  eV,  volt/cm,  torr) 

E 144p  p 

at  pQ  = 0.3  torr,  Te  = 4 eV  we  predict  that  Bq  = 0.025  E. 

These  results  can  be  compared  with  our  experimental  observations.  The 
RSI  003  tube  was  observed  at  Ebb  = 15  kV,  1b  = 300  amps,  L = 60  cm,  p = 0.30 
torr,  and  E = 250  volt/cm  to  require  an  Interrupting  field,  Bq,  equal  to  5 
kilogauss,  while  the  predicted  Interrupting  field  is  6.25  kllogauss.  The  RSI 
004  tube  (at  Ebb  = 10  kV,  ib  = 200  amps,  L = 16  cm,  p = 0.35  torr,  and  E = 625 
volt/cm)  required  a field  of  9.5  kllogauss,  while  the  predicted  value  equals 
13.6  kllogauss. 


Considering  the  number  of  approximations  made  In  our  calculations,  the 
agreement  between  theory  and  experiment  Is  remarkably  good,  although  the 
predicted  dependencies  of 


do  not  agree  with  the  empirical  formula  of: 
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This  deviation  may  be  explainable  in  that  the  electron  temperature  of  a 
positive  column  is  a nonanalytical  inverse  function  of  rp. 

Tg  can  be  evaluated  by  the  use  of  Te  = 1.9  x 10”16  vfi2.  Lawson^ 
presents  a relationship  between  vg  and  E/p: 


7 , 0.29 

v = 4.4  x 10  (E/p) 
e 


(E/p  in  the  range  0-80  volt/ cm  *torr) 


This  relationship  must  be  extrapolated  to  E/p  values  as  high  as  3000  v/cm  • 
torr.  The  relationship  which  results  Is  Tg  = 0.37  (E/p)0,58  and  Bq  = 0.0063 
E1*87  p-0.87^  differs  from  experimental  data: 
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RSI  003 

15 

300 

60 

250 

0.3 

547 

5 

RSI  004 

10 

200 

16 

625 

0.35 

2650 

9.5 

and  from  the  empirically  derived  relation: 

Bq  “Ebb1,25  L'0*75  lb0,25  p°*5±°*27 


However,  significant  extrapolations  of  data  have  been  made  to  obtain  this 
result.  Furthermore,  low  Tfi  may  still  occur  as  the  result  of  cooling  action 
of  the  Interaction  wall  on  the  discharge,  or  as  the  result  of  a significant 
amount  of  low  energy  secondary  electrons.  These  effects  eliminate  the 
high  predictions  for  Bq  and  cast  doubt  on  the  validity  of  the  derived  predic- 
tions for  Bq  dependence  on  Ebb  and  tube  pressure. 

A further  test  of  the  theory  can  be  made  by  comparing  the  predicted 
values  for  x*  with  the  width  of  the  surface  damage  to  the  RSI  discharge 
channel  walls,  and  with  the  Image  converter  observations  of  discharge  column 
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light  intensity  during  interruption.  Figure  76  depicts  the  cross-sectional 
geometry  of  the  RSI  003  discharge  channel  with  an  approximate  contour  (pre- 
sumed) for  the  plasma  column  during  magnetic  constriction.  Wall  damage  along 
the  arc  AC  can  be  used  to  provide  an  estimate  of  the  average  discharge 
diameter  (a)  during  the  energy  dissipative  portion  of  the  discharge 

2 ~ 2 
(R ^ ) - (BC)  ). 

For  RSI  003  (Rj  = 4.7  mm),  slight  wall  damage  occurred  along  an  arc  iJc 
of  approximately  2 mm,  which  indicates  an  x*  = a/2  e 0.05  mm.  At  Bq  = 6.25 
kilogauss,  E = 250  volt/ cm,  our  theory  predicts  that  x*  = 0.07  mm.  Maximum 
energy  dissipation  to  the  wall  surface  will  occur  midway  through  Interruption, 
at  which  time  B s \ Bq,  E*  \ Ebb,  1RSI  s * ib,  and  x*  = 0.03  mm.  This  latter 
approaches  the  theoretical  prediction. 

For  RSI  004  (Rj  = 3.5  mm),  heavy  wall  damage  occurred  along  AC  = 2 mm, 
indicating  an  x*  = a/2  = 0.08  mm.  Our  theory  predicts  an  x*  = 0.002  mm 
at  Bq  * 9.5  kilogauss,  E = 625  volt/cm,  or  x*  = 0.008  mm  at  maximum  power. 
Definite  fine  structure  Is  observable  In  the  wall  damage  to  this  tube  at 
AC  = 0.13  mm  and  0.5  mm,  corresponding  to  x*  = 0.005  mm  and  0.018  mm,  which 
range  close  to  the  predicted  x*.  Since  both  RSI  003  and  RSI  004  were  oper- 
ated at  lower  values  of  Ebb  and  Bq,  some  wider  damage  tracking  would  be 
expected  by  theory.  Therefore,  damage  assessment  observations  agree  with 
theoretical  calculations  within  experimental  limits. 

Image  converter  observations  taken  earlier  are  not  as  accurate  an  asess- 
ment  of  discharge  diameters  as  are  wall  damage  assessments  due  to:  (1)  light 
scattering  by  the  channel  walls,  (2)  thermal  retention  by  the  wall  surfaces 
during  the  Interrupted  pulse,  (3)  neutral  hydrogen  afterglows,  and  (4)  the 
limited  quality  of  the  photographs  obtained.  Results  confirm  the  qualitative 
nature  of  the  constriction  of  the  discharge  during  Interruption. 
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Figure  76.  RSI  003  tube  and  discharge  cross-section  dimensions 


c.  Discharge  Instability 

Noise  and  oscillations  often  appear  at  varying  amplitude  levels  on  the 
voltage  and  current  waveforms  of  the  RSI  tube  during  interruption.  These 
oscillations  appear  across  the  interaction  column  of  the  tube  at  frequencies 
near  5-10  mHz.  This  frequency  is  suspiciously  close  to  the  ion  cyclotron 
frequency: 


P.H+  (Hz)  = 15.2  x 106  B (Tesla) 

M tt2  mn+ 

Furthermore,  the  oscillations  often  appear  to  act  in  a beating  mode,  which 
could  be  explained  by  the  superposition  of  cyclotron  frequencies  from  H+, 
^2*  ^3*  e^c*  (H3  ar,d  H5)  have  been  observed  at  high  concentrations  in  hydrogen 
discharges  (McDaniel9). 

The  observed  noise  appears  at  high  operating  voltages  and  is  not  caused 
by  noise  pickup  by  the  oscilloscope.  Also,  the  noise  appears  to  contribute  to 
tube  current  interruption  which  suggests  that  an  instability  or  wave  is 
present  in  the  discharge  column.  This  Instability  appears  only  under  fault 
conditions  and  appears  to  be  more  important  In  nonuniform  discharge  channels. 

d.  Degree  of  Ionization  of  a Discharge  Column 

A calculation  can  be  made  of  the  degree  of  ionization  of  a positive 
column  as  a function  of  column  current  and  channel  radius.  Assuming  that  tube 
current  is  carried  principally  by  electrons;  that  vgs  106  E0,5  p'0,5  (Brown4); 
and  that  E = 12  p^*^  r (subsection  4.b),  then  the  result  is  obtained: 


1.6  x 10 


-5 


+1  -1.75  -0.75 
I r p 


(amps,  cm,  torr) 


At  p = 0.4  torr,  I * 300  amperes,  this  ratio  equals  9.5  x 10-3  r-1*75.  A plot 
of  this  equation  at  p = 0.4  torr  is  shown  in  Figure  77.  It  Is  apparent  that 
at  I * 300,  the  discharge  column  becomes  well  ionized  for  r less  than  0.1  cm. 
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This  relationship  casts  some  doubt  on  the  validity  of  previous  extrapolations 
of  E/p  to  low  values  of  rp  and  suggests  that  alternative  explanations  be  given 
to  the  agreement  between  theory  and  experiment  as  previously  reported. 


5.0  COMPARISON  WITH  PREVIOUS  EXPERIMENTAL  RESULTS 

A comparison  of  the  results  obtained  In  the  parametric  portion  of  this 
Investigation  Indicates  substantial  agreement  with  previous  experimental 
results.  The  nature  of  the  Interruption  process  as  determined  by  the  current 
and  voltage  waveforms  appears  to  be  similar  to  results  seen  In  the  1967  and 
1974  studies  (Thomas  et  al.  , Shackleford  ) . Several  data  points  from 
these  studies  are  plotted  In  Figure  58  to  demonstrate  the  apparent  relative 
effectiveness  of  Interruption.  Earlier  EG&G  work  Indicated  a more  difficult 
Interruption  (Bq  levels  are  considerably  higher  than  those  reported  here); 
this  may  be  due  to  Incorrect  magnetic  field  measurements  (performed  by 
calculation  rather  than  by  measurement),  as  performed  In  that  study.  If  the 
mirror  colls  used  In  that  study  were  less  effective  than  theoretically 
predicted,  correlation  between  experimental  results  would  Improve. 

The  ITT  results  agree  well  with  results  obtained  with  the  RSI  003.  This 
agreement  suggests  that  the  coaxial  tube  design  used  in  that  study  Is  not 
necessary  to  Improve  Interruption  performance,  but  rather  It  adds  Increased 
magnetic  field  volume,  which  reduces  the  efficiency  of  the  Interrupter.  The 
Increased  voltage  drop  reported  In  that  study  relative  to  the  etd  level  shown 
for  the  RSI  003  Is  due  to  the  added  consideration  of  anode-grid  drop  In  ITT's 
figure,  which  Is  not  Included  In  the  RSI  003  series  of  figures. 


6.0  CONCLUSIONS  AND  RECOMMENDATIONS 


a.  Conclusions 

This  program  has  demonstrated  the  feasibility  of  magnetically  Induced 
current  Interruption  and  has  explored  the  effects  of  the  various  tube  design 
parameters  on  Interruption.  The  Important  conclusions  reached  In  the  course 
of  this  study  are: 

1.  The  Influence  of  the  magnetic  fleld^on  a discharge  column  Is  to 
propel  the  plasma  In  correspondence  with  the  IXB  force  against  the  channel 
wall  and.  If  the  magnetic  field  Is  of  sufficient  Intensity,  to  thereby  cause 
Interruption  of  the  current  flowing  through  the  discharge  channel.  Image 
converter  studies  Indicated  neither  retrograde  motion  of  the  plasma  nor  any 
serious  convolutions  or  disturbances  In  the  column. 

Optical  studies  and  damage  assessments  Indicate  that  a discharge 
mode  exists  which  represents  a constricted  glow  discharge  pressed  against  the 
Interaction  channel  wall.  Arcing  does  occur  In  the  discharge  column  but 
represents  a separate  mode  recognizable  from  the  former.  Arcing  appears  to 
occur  after  current  Interruption,  at  times  In  conjunction  with  restrike 
activity. 

The  use  of  a chuted-wall  Interaction  channel  surface  reduces  the 
magnetic  field  requirement  for  Interruption  by  one-half  to  two- thirds. 

2.  Currents  as  high  as  300  amperes  at  15  kV  can  be  successfully  Inter- 
rupted with  magnetic  field  switching  energies  as  low  as  5 joules.  The 
total  charge  transferred  during  such  an  Interruption  Is  less  than  0.003 
coulomb,  which  value  Is  sufficiently  low  as  to  preclude  damage  to  the  series 
device  being  protected. 

3.  An  Interaction  column  voltage  drop  as  low  as  300  volts  Is  achievable 
at  the  required  normal  peak  tube  current,  but  the  total  tube  drop,  which 
consists  of  the  sum  of  the  column  drop  and  the  anode-grid  drop.  Is  the  factor 
of  real  Importance  If  the  Interrupting  and  holdoff  sections  are  to  be  Incorpo- 
rated Into  a single  tube.  Further  work  Is  required  to  reduce  the  total  tube 
drop  In  order  to  reduce  the  power  dissipated  In  the  RSI  at  high  average 
current  levels. 


4.  Hydrogen  Is  the  gas  of  choice  for  use  In  an  Interruptible  thyratron 
due  to  Its  reduced  resistance  to  control  by  the  transverse  magnetic  field. 

5.  An  extrapolation  of  present  data  Indicates  that  the  magnetic  Inter- 
ruption of  fault  discharges  of  1000  amperes  at  50  kV  Is  feasible  while  simul- 
taneously meeting  the  various  other  requirements  of  the  technical  guidelines 
as  established  for  Phase  II. 

b.  Recommendations  for  Further  Work 

1.  Restrike  elimination.  A primary  goal  of  the  continuing  work  will  be 
the  elimination  of  restriking  after  a current  Interruption.  Present  results 
show  that  restriking  Is  eliminated  at  low  plate  voltages  and  low  tube  pressure 
with  the  use  of  grid  bias  and  magnetic  field  bias  techniques.  Efforts  will  be 
made  to  completely  eliminate  restriking,  particularly  at  high  Ebb.  Toward 
this  end,  work  will  be  done  to  precisely  Identify  each  mode  of  restrike 
occurrence  to  determine  whether  Its  cause  Is  Internal  or  external  to  the  RSI, 
with  considerable  care  taken  to  prevent  external  signals  from  Influencing  tube 
performance  after  Interruption. 

2.  Tube  drop.  Work  will  be  done  to  establish  the  voltage  drop  of 
hoi  doff  structures  In  normal  thyratron  service  and  a comparison  made  with  the 
drop  of  such  structures  when  they  are  appended  to  an  Interaction  column.  It 
may  be  desirable  to  modify  standard  grid-anode  structures  such  that  they  are 
specifically  suited  to  RSI  usage,  although  preliminary  results  obtained  during 
Phase  II  show  that  operation  at  high  tube  pressure  (which  reduces  the  anode- 
grid  voltage  drop)  may  be  possible  without  materially  affecting  the  Inter- 
action column  drop  or  the  probability  of  a restrike.  Further  work  will  thus 
be  expended  to  minimize  the  total  tube  drop  consistent  with  operation  at 
higher  voltage  levels. 

3.  Magnetic  field  requirements.  Efforts  will  continue  to  reduce  the 
magnetic  field  required  for  Interruption  consistent  with  operation  at  higher 
power  levels.  The  performance  of  the  RSI  10  series  shows  that  switching 
performance  Improves  (lower  Bq)  with  the  use  of  Irregular  wall  surfaces 
(chutes)  and  shows  further  that  long  chute  depths  are  not  advantageous  as  a 
means  of  reducing  Bq.  Varying  the  dimension  of  the  chute  opening  and  the 
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angle  of  attack  that  the  chuted  wall  presents  to  the  discharge  (Figure  78)  and 
altering  of  the  cross-sectional  geometry  of  the  channel  (Figure  79)  may 
decrease  field  requirements  below  those  presently  encountered.  Various 
combinations  of  these  parameters  will  be  Investigated  to  ensure  that  the 
Interrupting  field  Is  kept  to  a minimum,  particularly  as  higher  voltage  tube 
designs  are  evolved. 

4.  Operation  at  higher  voltages.  As  shown  In  Table  8,  Interest  In  the 
RSI  Is  directed  toward  operation  at  higher  voltages  (up  to  50  kV).  Operation 
at  voltages  above  about  40  kV  Implies  the  addition  of  a gradient  grid  to  the 
high  voltage  hoi  doff  structure  and  also  folding  of  the  Interaction  channel  to 
ensure  efficient  use  of  the  magnetic  field  (Figure  80).  The  performance  of 
50  kV  designs  will  be  Investigated  at  current  levels  up  to  1000  amperes. 

5.  Triggering  requirements.  Further  testing  of  the  RSI  10  series  will 
be  performed  to  determine  how  triggering  requirements  and  stability  are 
Influenced  by  forward  voltage.  Impedance  level,  and  the  use  of  a keep-alive 
system. 

6.  Life  testing.  The  most  successful  of  the  developmental  models  will 
be  tested  at  realistic  pulse  repetition  rates  and  evaluated  In  terms  of  hours 
of  operation  under  non- fault  conditions  as  well  as  the  achievable  number  of 
fault  Interruptions. 

The  electrical  requirements  for  the  RSI  development  have  been 
extended  for  the  second  phase  of  this  program  to  the  specifications  presented 
In  Table  8. 


Table  8.  Amended  Specifications  for  RSI  Development. 


Open  circuit  hoi  doff  voltage 

Ebb 

50  kV  minimum 

Normally  closed  voltage  drop 

etd 

500  V maximum 

Peak  fault  current 

1RSI 

1000  A maximum 

Normal  average  current 

lb 

0.7  A maximum 

Normal  peak  current 

ib 

17  A maximum 

Repetition  rate 

prr 

1.0  kHz  to  20  kHz  (burst  mode) 

Lifetime 

1000  hours,  minimum 

Operating  mode 

Normally  closed 

Opening  actions 

20,000  minimum 

Magnetic  field  energy 

50  joules 

Keep-alive  power 

200  watts 
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